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This dissertation examines the large-scale atmospheric conditions, land-surface 
processes, and triggering mechanisms for the wet season onset over tropical South 
America (5-l5°S, 45-75°W). Our results suggest that the transition from the dry to the 
wet season can be divided into three phases. The initiating phase begins about 90 days 
prior to the onset of the wet season. This phase is characterized by the increase of local 
land surface fluxes, especially latent heat flux, which increases the available potential 
energy of the lower troposphere. The large-scale, cross-equatorial flow and upper tropo-
. spheric circulation remain unchanged from those of the dry season. The second phase or 
developing phase is dominated by the seasonal transition of the large-scale circulation, 
which accelerates by dynamic feedbacks to an increase of local thermal-driven rainfall, 
starting from about 45 days before the onset of the wet season. During this stage, the 
reversal of the low-level, cross-equatorial flow in the western Amazon increases moisture 
transport from the tropical Atlantic Ocean and leads to net· m~isture ·convergence to the 
Southern Amazon region. In the upper troposphere, the divergent, kinetic energy begins 
to convert into rotational kinetic energy, and geopotential height in9~eas1es rapidly. These 
processes lead to the onset of the wet season and an increase of anticyclonic vorticity at 
the upper troposphere. The third stage is after the onset. The lower tropospheric poten-
tial energy reaches equilibrium, but the conversion from divergent to 'rotational kinetic 
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energy continues to spin up the upper troposphere anticyclonic circulation associated 
with the Bolivian High to its full strength. 
An analysis of wet season onset on an interannual scale shows that land surface 
conditions during dry and early transition seasons can contribute significantly to the 
interannual changes of the wet season onset. A longer dry season with lower rainfall 
reduces surface latent heat flux and results in a higher Convective Inhibition Energy 
(CINE) and a lower Convective A vail able Potential Energy (CAPE), hence a delay in the 
increase of local rainfall in the initiating phase of the transition and consequently in the 
onset of the wet season. Conversely, a wetter dry season leads to a higher surface latent 
flux and a weaker CINE, thus providing a necessary condition for an earlier increase of 
local rainfall and an earlier onset of the wet season. 
· In the literature, there is virtually no investigation into what triggers the onset' of the 
wet season over the Amazon. For the first time, our results suggest that cold fronts from 
midlatitude can serve as an important trigger of the wet season onset. These cold front 
incursions produce rapid enhanced precipitation from the western Amazon to the 
southeastern Brazil. Such pattern is one of the distinctive features of the onset of the wet 
season· over Amazon. On the other hand, lack of frequent and strong enough cold air 
triggering, the onset of the wet season in 1982 was delayed, even though the land surface 
and large-scale thermodynamic structure appear to be unstable enough for the onset of 





One of the main centers of convective activity in the global tropics is the Amazon 
Basin of South America. It is the world's largest rain forest, with an area over 5x106 km2 
(Keller et al. 2001). The basin contains approximately 30% of the biospecies on Earth 
and 20% of the world's fresh water (WWF Profiles). It is a main contributor to the varia-
tions of global atmospheric carbon dioxide (Tian et al. 1998). A better understanding of 
Amazonia's rainfall and its change is important not only for local climate prediction, but 
also for determining changes in the ecosystem of Amazonia and their contribution to the 
global carbon cycle and to global climate (Cox et al. 2000). 
Annual rainfall over the Amazon varies by as much as 40% interannually (Kousky 
1988; Marengo et al. 2001). Amazon convection releases about 20% of the latent heat in 
the global atmosphere, therefore, variations of Amazon precipitation due to either natural 
forcing or land use would significantly regulate the water and energy budgets of the 
atmosphere (Grimm et al. 1995; Gandu and Silva Dias 1998; Keller et al. 2001). · Model 
simulations showed that Amazonia acted as a net source of carbon in the range 0.2-1.2 
Pg· y-1 from 1992 to 1993 (Stroppiana et al. 2000). However, the net emissions are 
strongly dependent on, the annual rainfall patterns. The forest appears to be absorbing 
carbon in the wet season and emitting carbon during t~e dry season (Vourlitis et al, 
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2001). Recent studies have suggested that changes in precipitation over Amazonia 
dominate the interannual variation of the global atmosphere - terrestrial carbon exchange 
(Tian et al. 1998) and the terrestrial carbon feedback to the increase of anthropogenic 
emission of carbon dioxide (Cox et al. 2000). 
Namias (1972) and Paegle et al. (2000) have shown the correlation between the 
precipitation change over tropical South America and the climate over Greenland in 
North America during boreal winter. Interannual variations in the winter North Atlantic 
Oscillation (NAO) index during boreal winter are suggested to be attributed to the 
variations in tropical heating associated with the South. American summer monsoon 
(Watanabe and Kimoto 1999; Robertson et al. 2000; Cassou and Terray 2000). Grimm 
and Silva Dias (1995) found a connection among the South Pacific convergence zone 
(SPCZ), the South Atlantic convergence zone (SACZ) and Eurasian pattern systems. 
Therefore, teleconnection from tropical South America influences atmospheric patterns 
over the surrounding oceans, extending into the Atlantic and South Pacific subtropical 
highs (Gandu and Silva Dias 1998; Paegle et al. 2002). ~· 
1.2 Motivation 
Onset of Amazon rainfall is distinctively different from wet season onsets in other 
monsoon regions in at least two aspects: areas of high rain rate. (about 4-6 mm day-1) 
spread southeastward from the tropical western Amazon to subtropical southeastern 
Brazil across 15-20 degrees of latitude within a week or two (Horel et al. 1989); also, the 
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onset dates can vary by as much as three months, and the annual rainfall can vary by 40% 
on an interannual scale (Kousky 1988). In the past five years, significant progress has 
been made in terms of identifying the components of the mechanism that controls 
precipitation variability over South America. For example, Zhou and Lau (1998) 
demonstrated that the seasonal changes in the atmospheric circulation over South 
America are similar to those of a monsoon system when annual means are removed. 
Summer precipitation is mainly controlled by the summer monsoon circulation. The 
precipitation is also influenced by the subtropical Low Level Jet (LLJ, Paegle et al. 2002) 
and cold air incursions (Marengo et al. 1997; Garreaud and Wallace 1998). Liebmann 
and Marengo (200 1) further suggested that the timing of the onset and end of the rainy 
season contributes more to the interannual variation of precipitation than do changes in 
precipitation intensity during the rainy season. Hence, understanding what causes the wet 
season onset is a necessary prerequisite for improving climate prediction of precipitation. 
Whether the local land surface fluxes or remote influences from adjacent oceans 
control the rainfall and circulation of the wet season has been debated for years. For 
example, many previous studies have suggested that Sea Surface Temperatures (SSTs} in 
the tropical Atlantic and Pacific Oceans have a strong impact on wet season precipitation 
over Amazonia (Namias 1972; Rowntree 1976; Hastenrath and Heller 1977; Markham 
and. McLain 1977; Moura and Shukla 1981; Serra 1973; Covey and Hastenrath 1978; 
Aceituno 1988; Ropelewski and Halpert 1989; Fu et' al. 2001). The main source of mois-
ture during the wet season is the transport from the Atlantic (e.g., Gibbs 1979; Rao et al. 
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1996). However, these SST influences alone cannot explain all interannual variabilities. 
Using water balance calculation and isotopic analysis, Salati et al. (1979) found that 
50-60% of rainfall originates from the recycling of wat~r vapor through evapotranspi-
ration. This implies that local surface fluxes are also important for the rainfall (Gutman 
and Schwerdtfeger 1965; Rao and Erdogan 1989; Salati 1991). How the changes of 
large-scale atmospheric circulation and local land surface conditions together determine 
the interannual variations of Amazon rainfall is still an open que~tion·. · 
The onset of the wet season usually features rapid southeastward expansion of the 
rainy area from the western Amazon to subtropical southeast Brazil. What triggers such 
rapid spread of rainfall remains a mystery. The cold surges from mid-latitude South 
America have been shown to frequently cause rainfall in the western Amazon in austral 
summer and winter (Garreaud and Wallace 1998, Marengo et al. 1998, Vera et al. 2000). 
However, we do not know how these cold air intrusions impact the wet season onsets. 
This thesis aims to seek answers to these open questions. 
1.3 Objectives And Outlines Of This Dissertation 
In this Dissertation, the mechanisms responsible for the wet season onset over 
tropical South America are examined. Our purpose is twofold. First, our studies will 
analyze the evolution of land surface processes and large-scale circulation during the 
transition from the dry to the wet season over tropical South America. This effort focuses 
on the controlling mechanism of a climatological onset of the wet season over that 
4 
region. Then, we will apply the mechanism to determine the causes of abnormal wet 
season onset. This application also serves as a test of the validity of the mechanism 
developed, based on the climatology. We will focus on the influence of the land surface 
conditions and the triggering mechanisms for the wet season onset because they are less 
understood than the influence of SSTs on Amazon rainfall. We will also compare the 
South American Summer Monsoon system (SASM) with a classical Asian monsoon 
system to determine the similarities and differences between them. This is the first step 
of my approach to place the SASM in the framework of global monsoon research. 
There are five chapters in this Dissertation following the Introduction. The driving 
factors and the onset mechanisms responsible for the summer monsoon systems in global 
perspective are reviewed in Chapter 2. 
In Chapters 3 and 4, we investigate the evolution of large-scale atmospheric and 
land surface conditions critical to the wet season onset. The effort is to examine the 
large-scale environment necessary for the transition from the dry to the wet season. 
Chapter 3 focuses on the :climatological transitiori :obta1ne~ from the composites of 
l! ; ;,· .: . ' · ... :: .. i' ;' i 
fifteen-year instantaneous European Center for Mediu~~range We~the~ Eorecasts Reanal-: ' ' ' ' . '·.' 
; ! . ' ' ' :- '' 
ysis data (ERA), along with rain-gauge data and Globa~ Precipitatio# Climatology Project 
; • I ' . ' 
I j :: 
(GPCP) data. 
The causes of early and late onsets are examined in Chapter 4, with focus on the 
' ·' 
relative importance between land surface conditions and large-scale atmospheric 
5 
circulation changes on an interannual scale. The implications of the land use change over 
Amazonia are also discussed. 
In Chapter 5, we examine what triggers wet season onset over Amazonia, especially 
the role of cold surges that dominate the synoptic influence over South America 
(Marengo et al. 1998). It also discusses how, when the necessary large-scale 
environment as discussed in Chapters 3 and 4 is ready, these synoptic systems impact the 
wet season onset in general and on an interannual scale. 
Chapter 6 discusses the implications of the results to the general understanding of 
the wet season onset over tropical South America. The similarities and differences 
between the South American summer monsoon system and the classic Asian. monsoon 




SUMMER MONSOON: A GLOBAL SURVEY AND ONSET 
MECHANISMS 
The word "monsoon" originates from the Arabic word "mausim", meaning "season" 
(Ramage 1971; Das, 1972). It was used by seamen about seven centuries ago to describe 
a system of alternating winds in the Arabian Sea. These winds appear to blow from the 
northeast for about six months and from the southwest for another six months. Now the 
usage of "monsoon" has broadened to include almost all of the phenomena associated 
with the annual weather cycle within the tropical and subtropical continents of Asia, 
Australia, Africa, the Americas, and their adjacent seas and oceans (Webster et al. 1998). 
There is no agreement on the precise definition of "monsoon". In a broad sense, the term 
"monsoon" usually indicates a seasonal reversal in the large-scale circulation system 
driven by differential heating between the cont~nents: and the oceans, associated with 
precipitation in the tropics and subtropics (R~mage 1971; Das 1972; Lau and Li 1984; 
Zhou and Lau 1998; Trenberth et al. 2000). The annual cycle of monsoon systems can be 
divided into two distinct phases (Webster et al. 1998): 
• Wet-warm phase: the summer rainy season, du·ring which warm, moist, and 
very disturbed winds blow inland from the warm tropical oceans; 
• Dry-cool phase: the other half of the yeat, diu4ng which winds bring cool and 
dry air across the monsoon regions from the winter continents. 
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Based on the climatological monsoon features, the Asian, Australian, and African 
monsoons have been clearly identified as monsoon systems for years and have been 
studied extensively. Traditionally, North America and South America were not 
considered monsoon regions, due to the lack of a strong thermal low and clear meridional 
temperature and wind reversals (Ramage 1971; Webster et al. 1998). In recent years, 
however, studies have revealed monsoon-like features in the seasonal changes of 
atmospheric circulation and rainfall in these two regions. For example, the elevated 
heating provided by the Rockies and Andes and the seasonal cycles of temperature and 
precipitation over portions of North and South America are similar to the classic Asian 
monsoon (e.g., Tang and Reiter 1994; Douglas et al. 1993; Adams and Comrie 1997; 
Zhou and Lau 1998). Although many researchers have accepted the concepts of North 
and South American monsoon systems, the extent to which they are controlled by similar 
mechanisms and the ways in which their differences are explained relative to the classic 
monsoon still remain unclear. We begin this Chapter by discussing the basic driving 
factors involved in the summer monsoon systems, and then we review the monsoon 
systems based on their onset mechanisms. 
2. 1 Basic Driving Factors Of Summer Monsoon Systems 
8 
Monsoons may be thought of as the circulation responding to the annual cycle of 
solar heating in an interactive ocean-atmosphere.:.land system. Generally, four basic ele-
ments are recognized as controls on the dynamics of monsoon system onset: 
• 11te differential heating of the land and the ocean and the resulting pressure 
gradient force between the summer and winter hemispheres: 
In summer, the air over the continents is much warmer and less dense than the air 
over the oceans. Consequently, the pressure decreases more slowly with height over the 
lands than it does over the oceans. If the sea-level pressure were the same over the lands 
and the oceans, the pressure in the upper troposphere over the continents would be 
greater than over the oceans. The winds tend to blow from higher pressure to lower 
pressure (i.e., from land to ocean in the upper troposphere). To compensate for this upper 
flow of winds, there would be a reverse flow at lower levels from the oceans to the lands 
(Das 1972; Ding et al. 1996). The strength of the differential heating is controlled by the 
latitudinal location of the continental land mass due to geostrophic adjustment processes, 
land surface features, and topography. Strong latitudinal temperature gradients and 
heating over elevated surfaces produce stronger differential heating, as is the case with 
the Indian monsoon. Conversely, the differential heating is weak for the South American 
monsoon because of a weak latitudinal temperature gradient and less extensive surface 
heating. 
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• The inzpact of the rotation of the planet, relative to the geographic fonn of the 
lower boundary and the distribution of differential heating: 
The equilibrium geopotential height in the upper troposphere over a monsoon 
region is dependent on the Rossby Radius of deformation (AR = f- 1.[iii ). For a similar 
initial perturbation of geopotential height caused by latent heating of rainfall, the increase 
of the equilibrium geopotential height over the tropical Amazon (with small f, for 
example) would be less compared to that over the subtropical Indian monsoon region 
(with large f). 
• Land surface properties and processes: 
Land surface properties affect the atmosphere via the surface-atmosphere fluxes of 
water, energy, and momentum (Shukla and Mintz 1982; Shuttleworth 1991). These land 
surface properties and fluxes, therefore, significantly influence the onset and structure of 
the monsoon. For example, over the Sahara, with little evaporation or cloud cover, the 
desert/semiarid area is heated by a strong diurnal component of sensible heating and 
causes a higher planetary boundary layer up to 500-hPa. The result of the boundary layer 
heating is a reduction of the mass in the column developing the heat low (Figure 27 in 
Webster et al. 1998), the first step of the West African monsoon onset. Charney (1975) 
suggested that the large albedo over a continental surface such as West Africa might 
cause precipitation decrease. Xue and Shukla (1993) and Fennessy et al. (1994) demon-
strated the influences of surface characteristics on the structure of monsoon systems by 
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modifying the soil moisture and vegetation. Soil moisture strongly controls the nature of 
atmospheric fluxes, including the partitioning of available energy between latent and 
sensible heating (Entekhabi and Rodriquez-Iturbe 1994) and the magnitude of the net 
radiation absorbed by the surface (Eltahir 1998), thus causing differences in the structure 
of monsoon systems. For example, over tropical South America, rainforest occupies 65% 
of the area. The more moist soil over tropical South America leads to a smaller sensible 
heat flux and a larger latent heat flux, resulting in a smaller Bowen ratio than for dry 
lands such as the Sahel or the Indian subcontinent. This contributes to a weaker conti-
nental-ocean·surface temperature difference for the South American monsoon (Li and Fu 
2003). 
More (less) Eurasian snow amount during the previous cold season has been found 
to correlate to a weak (strong) Asian monsoon during the following summer (e.g. 
Kripalani et al., 1996). Modeling studies demonstrated that albedo and the hydrological 
effects of snow cover may be responsible for anomalous seasonal heating of the 
atmosphere (Barnett et al. 19~9; Yasu~ari'et al. 1991) 
: ' ' . . : ; ; ; ~ < ' ~ : !: : 
Mountainous regions, such as. the Himalayas, the Budna [Highlands, and the East 
~: , · . ·• · ·i ! i: ; :r F·t 
African Highlands, strength~n· the atp1ospheric response to th~ :s~la~, ~~*ting gradient by 
.; :. . . . . ' . ; ; i' :' 1 ll i! i 
either elevating the land tii~g of the atmosphere to thl. ~~d(l~f ! \r?posphere or by 




• The variation of SST of the major tropical oceans resulting from the annual cycle 
of the solar heating and the oceanic heat transports induced by the atmospheric 
winds: 
The response of the oceans to both the annual cycle of solar radiation and to the 
winds induced by differential heating between the land and the ocean is a critical element 
of the monsoon systems. Shukla and Fennessy (1994) showed that a dramatic reduction 
in the monsoon rainfall over the Arabian Sea, India, the Bay of Bengal, and southeast 
Asia could not be explained without considering the annual cycle of SST. Temporal 
variations of the heating gradients are induced by the large heat capacity of the water and 
by the ability of the ocean to store heat below the surface of the ocean. Furthermore, heat 
is transported by ocean currents that are driven by the atmospheric monsoon flow. El 
Nino-Southern Oscillation (ENSO) has been shown to influence the interannual 
variability of monsoon precipitation (Shukla and ·Paolina 1983; Torrence and Webster 
1998). Statistical studies demonstrated that all El Nifio years in the Pacific Ocean were 
~ I • ' . . . 
followed by drought years in the Indhin'''region, whereas La ~Nina yea~ were associated 
' ; , . ·I , , I 
! 1 !: I I' ,, 'i 1.' 
with abundant rainy seasons. The sp¢cific mechanisms ori each monsoon systems are 
still a subject of active research. I .· 
2.2 Regional Aspects Of Summer: Monsoons-The Onset Mechanism 
a. The Asian Monsoon 
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The Asian Monsoon includes the Indian monsoon and the East Asian monsoon, 
both of which have been investigated extensively. The Indian and the East Asian mon-
soon systems are not independent systems because of the shared large heat source over 
Tibet and similar heat sink over the tropical Pacific and Indian Oceans during boreal 
summer. 
Observations have shown that seasonal heating of the elevated surface of the 
Tibetan Plateau and the consequent reversal of the meridional temperature and pressure 
· gradients south of 35°S are essential to the establishment and maintenance of the large-
scale general circulation change over Asia and therefore to moisture transport into the 
region (Flohn 1957; Ye et al. 1979, Gao et al. 1981; Fu and Fletcher 1985; He et al. 1987; 
Murakami 1987; Yanai et al. 1992). Li and Yanai (1996) have demonstrated that the 
surface sensible heat flux over the Tibetan Plateau in spring leads to a reversal of the 
temperature and pressure gradients over Asia. Krishnamurti and Ramanathan (1982), 
Kuo and Qian (1982) and Krishnamurti et al. (1998) have. suggested that summer 
monsoon onset is closely related to the irregular distribution of large-scale diabatic 
heating over Asia. Surface sensible heat flux dominates the increase of potential energy. 
During the development of the monsoon system, potential energy, divergent kinetic 
energy and rotational kinetic energy all increase with. time. The potential energy 
increases first, due to uneven diabatic heating, it converts to divergence kinetic energy, 
.. 
and finally the divergence kinetic heating turns into rotational kinetic energy. The 
rotational kinetic energy helps to sustain the monsoon circulation. 
13 
b. Australian Monsoon 
Based on Ramage's definition of monsoon (i.e., atmospheric circulation differences 
between January and July), the area north of 25°S over Australia could be considered 
monsoonal. Australian monsoons are weaker and more variable than the Asian ones. 
The onset of the summer monsoon is also caused by differential heating between the 
continents and the surrounding oceans; however, the major heating due to the 
temperature gradients remains close to the north coast of the continent and the equator 
because the Australian continent is rather flat, resulting in a faster geostrophic adjustment 
than the Tibetan Plateau. 
During the pre-monsoon season between October and December, an increase of 
insolation increases s.urface temperature and surface sensible heat flux in the north-
western part of Western Australia, which results in a deep mixed layer. This process 
initiates a low-pressure area with cyclonic circulation below the 800-hPa level. The 
steady development of the heat low has been shown to be important to the formation of 
the Australian summer monsoon circulation (Falls 1970a, 1970b; Leighton 1979; 
McBride 1975; Lesleie 1980; Suppiah, 1992; Kawamura et al. 2002). The low pressure 
system usually couples with a thermal high around 600-700 hPa (Kawamura et al. 2002). 
Intensified low-level westerly anomalies and increased solar radiation in less cloudy air 
induced by the subsidence in the periphery of the Australian thermal low result in 
increasing SSTs along the northern 
1
coast of Australia. The thermal high concurrent with 
the shallow vertical circulation leads to a dry intrusion into the layer at about 700 hPa 
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over the Arafura Sea and Coral Sea through the horizontal and vertical advective 
·processes. The combination of the increase in SST and the dry intrusion creates a more 
convectively unstable condition. When convective instability is intensified through 
large-scales disturbances with ascending motion, such as by the Madden-Julian 
Oscillation (Hendon and Liebmann 1990), deep cumulus convection becomes dominant, 
and the summer monsoon onset occurs. 
c. African Monsoon 
Although almost all of the African continent and adjacent east Atlantic and West 
Indian Oceans can be delineated as monsoonal (Ramage 1971), the most remarkable area· 
is confined to equatorial Africa and· the northern part of the continent (Klevin 1957; 
Flohn and Struning 1969). Here we focus on reviewing the onset mechanism of the 
summer monsoon over western Africa (west of 30'E). The major difference between the 
African monsoon system and the Asian summer monsoon is the lack of elevated heating 
associated with terrain as large and extensive as the Tibetan Plateau (Webster et al. 
1998). The seasonal reversal ofth~ ~nide wind direction over western Africa begins near 
~ ! ' • ' 
' ' 
the equator in April (Grodsky and jcarton 2001). The northeast trades and southeast 
i [ : ~ ; 
trades then converge in the Inter~Tr?p~cal Convergence Zone (ITCZ). In May and June 
i i;! . 
. 1 i. i' 
the disturbances are evident between:4'N and 6'N, while by July or August they extend 
. ' i: i. . .. 
l I'·' 
i i \ l 
as far as about 10'N. l )' ! · 
l i; i 
When the seasonal radiative forcing increases over western Africa, a heat low 
develops over the Sahara desert (Ramage, 1971; Sultan and Janicot, 2002). Lower 
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tropospheric air generally converges i~to the heat low from the continent and ocean, and 
thus a considerable discontinuity exists along the axis of the heat trough between the dry 
desert air and relatively moist, originally maritime air (Ramage 1971). Over northern 
Africa, this discontinuity is termed the "intertropical front" (ITF). When the ITF moves 
northward gradually from 15~, the ITCZ is centered at 5°N. The onset stage of the 
summer monsoon over western Africa is linked to an abrupt latitudinal shift of the ITCZ 
from a quasi-stationary location near 5~ in May-June to another quasi-stationary 
location near 10~ in July-August. This leads to an increase of rainfall over the.Sudano-
Sahelian zone marking the northernmost location of the ITCZ and the beginning of the 
monsoon season. The shift occurs mostly between lOOW and 5~, where a meridional 
land-sea contrast exists, and it is characterized by a temporary rainfall and convection 
decrease over western Africa. The meridional circulation intensity of the heat low is 
highest at the beginning of the monsoon onset. . This can lead to increased convective 
inhibition in the ITCZ through intrusion of dry and subsiding air from the north. It can 
also lead to the increase of potential instability through greater inland moisture advection 
in the low levels, through higher vertical wind shear due to westerly monsoon wind and 
acceleration of the mid-level African Easterly Jet (AEJ), through enhancement of the 
instability character of the AEJ, and through increased short-wave radiation received at 
the surface (Sultan and J ani cot, 2002). The accumulated potential instability breaks the 
convective inhibition, leading to an abrupt northward shift of the ITCZ to about l0°N. 
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The surface temperature difference between the land and surrounding oceans initiates the 
heat low and the ITF, which cause the summer monsoon onsets. 
d. North American Monsoon 
Although the North American monsoon is less impressive than its cousins in Asia, 
Australia, and Africa, the summertime circulation centered on northwestern Mexico has 
been identified as monsoonal (Adams and Comrie, 1997; Barlow et al. 1998; Higgins et 
al., 2003). The North American monsoon displays many similarities, as well as 
differences, when compared with other regional monsoons. Notable features of the North 
American summer monsoon system include major low-level inflow of moisture to the 
continent (Tang and Reiter 1984; Badan-Dangon et al. 1991), a seasonal increase in 
continental precipitation (Masino and Garcia 1974; Douglas et al. 1993), and a relatively 
warm troposphere over the monsoon region, resulting in a "monsoon high" in the upper 
troposphere (Bryson and Hare 1974). In contrast with classic monsoon patterns~ the low-
level flow is not cross- equatorial (Webster et ·al., 1998). 
Although the onset mechanism is still not fully understood, the onset of the North 
I 
American summer monsoon can be thought of as the result of two~ meteorological 
changes: the movement westward and northward from winter to summer of the huge 
: 
upper-level subtropical high-pressure system known as the Bermuda i High, and the 
creation of a thermal low due to intense heating in the Mohave desert, cr~ating rising air 
and surface low pressure (NOAA Sciences Report 2002). The two features combine to 
create strong southerly flow over western North America. The southerly low-level winds 
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help to bring in moisture from the Gulf of Mexico, the Gulf of California, and the Pacific 
Ocean. From June to July, when humidity reaches its peak values in the region, warm 
SSTs spread up along the western coast of Mexico, the sea-level pressure (SLP) increases 
over the southwestern United States (Okabe 1994), and geopotential height increases in 
mid-latitudes associated with the seasonal heating of the troposphere, due to the elevated 
terrain of the western United States and Mexico. The resulting middle and upper tropo-
spheric "monsoon high", analogous to the Tibetan High over Asia (e.g., Tang and Reiter 
1984), is also associated with enhanced easterlies or weaker westerlies and enhanced 
Mexico Monsoon rainfall (Douglas et al. 1993) in July-August, when the North American 
summer monsoon matures. 
Overall, the Asian, Australian, African, and North American monsoon systems are all 
driven by a rapid intensification of land-ocean thermal contrast. The strong sensible heat 
fluxes over continents result in either an anticyclonic system in the middle to upper 
troposphere, such as for the Asian monsoon, o~ thermal low systems at the lower 
troposphere, such as for the Australian,. West African, and North :American summer 
' , I , 
i i 
" .. ' ' · ' i : ~ I • . 
monsoon systems. The heat lo~, helf~ to form _the ;monsoon: Jrq~g~ .. Q\1cBride and 
:. : I I · 
Keenan 1982) over Australia, infl1:1enc~·-·ihe abrupt shift of the IT~~ through ITF over 
, .. , I , 
. I 
• I 'I 
western Africa (Sultan and Janico~ ~O?f:), and cause the low~lev91 :~outherly flow into 
• . ' i : 
southwest North America (NOAA Scie~ces Report 2002). Thes¢ brocesses increase the 
~ ~ • ' ' I ; . l 
' I 
summer monsoon precipitation and d~~~ the ~et ~eason onset. E~etgy analysis for the 
classic Asian monsoon further suggests that surface sensible heat flux dominates the 
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increase of the available potential energy (Li and Yanai 1996; Krishnamurti et al. 1998) 
and is a main contributor to the maintenance of the summer monsoon systems. 
e. South Anzerican Monsoon 
The climate of tropical South America is characterized by a regular and 
pronounced cycle in rainfall (Figures 2.1 and 2.2). The climatological seasonal march is 
illustrated in Figure 2.2 by using IS years mean precipitation and atmospheric circulation 
of European Centre for Medium Range Weather Forecasts reanalysis data (ERA). 
During the austral winter (June, July, and August, JJA), the heaviest precipitation is 
found over Southern Central America and northern South America, and in ITCZs in the 
eastern Pacific and tropical Atlantic. It is at these times that the central part of the 
continent experiences its dry season, occasionally interrupted by the passage of modified 
cold fronts from midlatitudes. The onset of wet season occurs around the end of October 
as a rapid shift of the area of maximum convection from the northern extreme of the 
continent into the central Amazon basin (Horel et al. 1989). Following the annual march 
of the solar radiation, the precipitation maximum reaches its southernmost position 
during the austral summer (December, January and February, DJF), encompassing the 
southern Amazon basin, the central Andes and a portion of the subtropical plains of the 
continent, and extending southeastward into the South Atlantic convergence zone. The 
end of the west season tends to occur around May. 
South America has not been treated as monsoon region according to K.hromov 
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Figure 2.1 Climatological monthly mean precipitation over Southern Amazon 
region (5°-l5°S and 45°-75°W). 
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Figure 2.2 Quarterly map of the 15-year mean precipitation (shaded) and 200-hPa winds 
in austral (a) summer (DJF), (b) autumn (MAM), (c) winter (JJA), and (d) spring(SON) 
using ERA (1979-1993). The reference vectors for wind are indicated at the bottom of 
the panels. 
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direction in the lower troposphere (Fig. 2.3) and no apparent meridional temperature 
gradient reversal in the upper troposphere (Webster et al. 1998). Zhou and Lau (1998) 
described the apparent seasonal reversal of the low-level wind over South America after 
removing the annual mean of the wind. They further showed features of the South 
American monsoon system similar to those of the Asian monsoon, such as low-level 
cross-equatorial flow, the Bolivian High vs. the Tibetan High, and the SACZ vs. the 
Meiyu front of the Asian monsoon. However, the mechanisms controlling wet season 
onset remained unknown. 
Most of the land mass of South America is located in the tropical region, and 
about 65% of this area is covered by rain forest (Neptad et al. 1999). The daily mean 
. ,': ; ' 
surface temperature gradient between the land and the Atlantic Ocean is only about 2-
3°C during austral summer (Satyamurty et al. 1998). The small temperature difference 
between the land and oceans seems unfavorable to classic monsoon systems. Amazon 
precipitation systems have been show~ to ex~ibit characteristics' that resemble those of 
·:~ . 
~ l ' ! . 
maritime precipitation found over the Indian Ocean· and the s'buth China Sea, based on 
' . ' . i 
! . ' 
cloud reflectivity structure (Peters~n arid Rutledge 2001). This pr~cipi,tation type is quite 
I . I • .:1; • 
different from the continental cb~veJtive precipitation observed over other monsoon 
I I ' l j 
; I 
regions. The causes of the South A:merican summer monsoon: onset and its unique 
I· . I 
: 'i ! 
precipitation features have just begun to be addressed by the climate research community. 
. l 
i 
Unlike other summer monsoon systems, the onset date of the tropical South 
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Figure 2.3 Quarterly maps of the 15-year mean sea level pressure (contoured every 
2.5hPa) and 925-hPa winds in austral (a) summer (DJF), (h) autumn (MAM), (c) winter 
(JJA), and (d) spring (SON) using ERA (1979-1993). 
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gauge data (Marengo et al. 2001). Li and Fu (2003) suggested that the onset of the wet 
season may start as early as late August in one year and as late as the end of December in 
another year .. Since increased precipitation over tropical South America is needed to 
form the South American summer monsoon (e.g., Lenters and Cook 1997), an under-
standing of the. causes of the large interannual variation in wet season onset over the 
Amazon is important to determine the mechanism of the South American summer 
monsoon. 
The summer monsoon onset usually proceeds from the northwestern part of· South 
America. The deep convection band then expands rapidly southward to southeastward 
from the western Amazon to southeastern Brazil in late austral spring, and finally 
progresses eastward to northeastern Brazil, covering the entire basin (e.g., Kousky 1988; 
Sugahara 1991). The monsoon retreats gradually from the south to the north following 
the sun migration (Liebmann and Marengo 2001), which is not symmetric to the path of 
wet season onset over the region. This unique onset process is also different from the 
other monsoon systems. Understanding the causes of this process will help us to 
determine the processes and factors that control monsoon onset over South America. 
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CHAPTER3 
MECHANISM OF WET SEASON ONSET OVER 
TROPICAL SOUTH AMERICA-CLIMATOLOGY 
The wet season onset date and the amount of rainfall are critical for agriculture, 
hydroelectric power generation, and local ecosystems for the Amazon region. Liebmann 
and Marengo (2001) have shown that change of the timing of onset and end of the rainy 
season contributes more to the interannual variation of precipitation than change of the 
intensity of precipitation during the rainy season. The transition from dry to wet seasons 
is ultimately driven by the seasonal migration of the ·sun, however, what controls the 
timing of the onset and its variability over South America is still unclear. In particular, it 
is not. known how land surface fluxes increase and change of land-ocean surface 
temperature gradient aff~ct the des~a?ilization of the atmosphere and the supply of the 
. . : . 
water vapor needed for wet season :rainfall. The answer to this question is key for 
understanding interannual variab~lity of the precipitation and for determining the climatic 
impact of land use in the region. For example, if the land surface latent heat flux is a 
critical source of moisture for the transition, a preseasonal decrease in the surface latent 
heat flux would effectively slow the transition and delay the onset of the wet season. On 
the other hand, if the primary source of moisture is the transport from the Atlantic, a 
preseasonal dry condition would enhance the moisture transport from the Atlantic Ocean, 
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as a result of a stronger surface sensible heat flux and consequently a stronger land-ocean 
temperature gradient. This preseasonal dry condition would accelerate, instead of 
decelerate, the transition from dry to wet seasons. 
Whether the local land surface fluxes or remote influences from adjacent oceans 
control the rainfall and circulation of the wet season has been debated for years~ For 
example, Gutman and Schwerdtfeger (1965), Salati et al. (1979), and Rao and Erdogan 
(1989) suggested that the land surface fluxes control the wet season circulation pattern 
over South America and water flux is the main contributor of moisture in the wet season. 
On the other hand, many other ,studies (e.g., Namias 1972; Serra 1973; Rowntree 1976; 
Hastenrath and Heller 1977; Markham and McLain 1977; Covey and Hastenrath 1978; 
·Moura and Shukla 1981; Aceituno 1988; Ropelewski and Halpert 1989; Fu et al. 2001) 
have suggested that SSTs in the t~opical Atlantic and Pacific Oceans strongly control the 
precipitation over the Amazon through the direct thermal circulation of the Atlantic ITCZ 
as well as by Rossby waves propagating from the extratropical South Pacific to 
subtropical South America. The main source of moisture during the wet season is the 
transport from the Atlantic (e.g., Gibbs 1979; Rao et al. 1996). Reconciliation of these 
apparent differences among the previous works and their implications for the main driver 
from dry to wet seasons must be undertaken in order to adequately understand the 
seasonal transition. 
How the atmosphere is destabilized during the transition from dry to wet seasons 
has been examined by Fu et al. (1999). They observed that a moistening planetary 
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boundary layer (PBL) and a weakened inversion due to declining temperatures at the top 
of the PBL appear to be the main contributors to the destabilization. Their results suggest 
that half of the extra moisture in the PBL during the wet season is obtained from the 
entrainment of more humid air during diurnal growth of the PBL. This phenomenon 
implies that the moisture transport which increases the humidity above the PBL is an 
important contributor to the moisture increase in the PBL. These results were obtained 
by comparing a dry season with a peak wet season, although whether they are applicable 
to the transition period is unclear. 
The importance of the large-scale dynamical processes to the onset of the rainy 
season has been suggested by many previous studies. However, most such earlier studies 
have focused on the relationships among Amazon convection, the Bolivian High, and 
large-scale, lower-level flow during the peak phase of the Amazon rainy season (e.g., 
Virji 1981; Nishizawa and Tanaka 1983; Chu 1985; Hastenrath 1990). Whether such 
relationships characterize the expected dynamic responses to tropical convection (Gill 
1980) or the causes of the convection is unclear. Horel et al. (1989) have suggested that 
deep convection in the Amazon basin appeared prior to the establishment of the Bolivian 
High in the ca~e of 1985-1986. ':fhi~ implies that the Bolivian High may be a result, 
instead of the cause, of the Amazon precipitation. This result is consistent with the 
numerical simulations. of Silva Dias et al. (1983), Gandu and Geisler (1991), and Lenters 
and Cook (1997), which indicate that the latent heat released by Amazon convection is 
' . 
needed for building up the Bolivian High to its observed strength. Hence, the onset of the 
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rainy season in the Amazon could be an early step in the transition to the South American 
summer monsoon circulation. Therefore, the processes controlling the convection prior 
to the establishment of the Bolivian High is probably also crucial to the onset of the 
South American summer monsoon. 
Examining how the increased solar energy is transformed into kinetic energy to 
support the development of the wet season circulation can also shed light on the dynamic 
processes that drive the transition. Krishnamurti et al. (1998) have examined the mature 
South Asian monsoon system and have found that the increased available potential 
energy (APE) provided by differential heating between land and ocean is sufficient to 
support the summer South Asian monsoon circulation. Such APE is first converted into 
divergent kinetic energy, and then transformed into rotational kinetic energy1• The latter 
spins up the upper tropospheric, anticyclonic flow similar to that observed in South Asia. 
Moscati and Rao (2001) have applied a similar analysis of energy conversion in the 
mature South American monso()n system. They ~ound that the APE is converted into 
divergent kinetic energy through a direct circulation response to the atmospheric heating. 
·The conversion from divergent to rotational kinetic energy is similar to that of the South 
Asian monsoon. In this study, instead of examining a mature monsoon system, we will 
examine the energy conversions .during the transition from dry to wet seasons by using 
instantaneous ERA data and the formulas of Krishnamurti and Ramanathan (1982) and 
1 d. d . 1 k. . d fi ed 1 az 2 az 2 d 1 a" 2 a" 2 • 1 The tvergent an rotat10na mettc energy are e m as 2 ((- ax ) + <-ay) ) an 2 ((-ay) + (ax) ) , respecttve y, 
where x and \If are velocity potential and strearnfunction. 
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Krishnamurti et al. (1998). This Chapter pursues these goals and provides a systematic 
assessment of the processes that initiate and accelerate transition to the wet season onset 
over the Southern Amazon region. 
3. 1 Data And Method Description 
3.1.1 Data Sets 
We use ERA; rain gauges data (Liebmann and Marengo 2001; Marengo et al. 2001) 
and the GPCP blended precipitation data in this study. The rain gauges are located within 
the Brazilian Amazon basin, the gauge data were originally from the National Water and 
Electric Energy Agency of Brazil (ANEEL). ERA has produced global reanalysis 4 
times daily from 1979 to 1993. To determine how well ERA precipitation data represent 
the rainfall pattern in the Amazon Basin, these data on 2.5° latitude and 2.5° longitude 
resolution were compared to the rain gauge data and GPCP data in the domain of 5°-
l5°S, 45°-75°W (Fig. 3.1, domain DEFG, referred to hereinafter as the Southern 
Amazon region) at the same period. The most significant discrepancy between the data 
' I , ! : •. :: 1: , 
sets is that the ERA overest~mates dry season rainfall b,y! as much as ,3 mm day-1 
compared to rain gauge measurements (Fig. 3.2a), although ERA-is comparable to that of 
! : I 
GPCP. During wet season, thdERA rainfall is about 2.;.3 mm
1
day-1 lowerthan that of the 
I 
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Figure 3.1. The domains for V-index (5°S-5°N and 65°-75°W, ABCD), Southern 
Amazon region (5°-l5°S and 45°-75°W, DEFG), and the exten~ion ·for geopot~ntial 
height at 200 hPaZ2oohPa (5°-30°S and 45°-75°W, DEID), respectively. The darkest 
shaded region indicates terrain elevation in excess of 4000 m. ' 
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Figure 3.2. (a) The 15-year (1979-1993) mean seasonal variations of pentad rain rate 
(mm day-1) for ERA (solid line), GPCP (dotted line), and rain gauge data from ANEEL 
(dot-dot-dashed line) averaged over Southern Amazon region; (b) same as (a) but the 
climatology annual mean has been removed. 
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climatological annual mean, calculated for the period of 1979-1993 (Fig. 3.2b). The 
timing and general trends of the transition from the dry to the wet seasons derived from 
ERA are similar to those of rain gauge and GPCP data, although the rate of increase is 
only about half that of observations. The calendar date of rain-rate increase during the 
early stage of the transition obtained from ERA is delayed by nearly 45 days, compared 
to that of the rain gauge data. To address the impact of the error in the ERA rain rate, we 
will use observed rain rates as well as that of ERA in our composite analysis. Other 
observations of atmospheric and surface conditions related to rainfall are very limited 
over the Amazon. Fu et al. (2001) compared the climatological monthly mean vertical 
profiles of temperature, humidity, and zonal and meridional winds assimilated by the 
ERA with those derived from radiosondes at Manaus (3°S, 60°W) for each calendar 
month during the period of 1987-1993. Their comparison (their Figs. 5 and 6) suggests a 
less than 1K difference in temperature profiles, a good agreement of humidity between 
925 hPa and 100 hPa, and about 10% systematically overestimated humidity between the 
surface and 925 hPa. The differences of zonal and meridional wind profiles were less 
than 2m s-1 below 200 hPa. The surface fluxes and structure of the PBL of the European 
Center for Medium-range Weather Forecasts (ECMWF) short-term forecast for a wet 
season have be~n carefully compared by Betts and Jakob (2002) using observations from 
the Wet Season Atmospheric Mesoscale Campaign (WETAMC) of the Large-scale 
Biosphere-Atmosphere Experiment in Amazonia (LBA). They found the model biases 
were rather small for the mean diurnal cycles of potential temperature, mixing ratio, 
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equivalent potential temperature, and the pressure height to the lifting condensation level. 
ECMWF was also able to qualitatively capture the patterns and relative importance of 
each type of flux in the surface energy budget equation for wet season condition. 
Quantitatively, ECMWF tended to overestimate the net radiative flux by as much as 10%. 
This extra incoming energy was largely balanced by greater latent heat flux than the 
tower observations. 
How well ERA can assimilate the changes of surface sensible and latent fluxes 
during the transition from the dry to the wet season is examined by comparing to the data 
from the Anglo-Brazilian Climate Observation Study (ABRACOS) sites in Reserva Jaru 
(RJ, 10°05'S 61 °55'W), near Ji-Parana, Rondonia, during the transition period from the 
dry to the wet seasons in 1992 and 1993, the observations of ABROCOS are chosen for 
their overlap with the period of the ERA. Notice the spatial scale difference between the 
ERA and the in situ measurements from the ABRACOS flux tower, a complete 
agreement between the ERA and ABRACOS should not:be expected. Figure 33 shows 
~ : ' . . ., 
j • ' ' ! . . ' ' . ' .' ' ~ ' ' : . 
the comparisons of surface latent fluxes betwee~ ERA :~nd observations. ?'he di~ferences 
. ~ ' 
. '' 
of latent and sensible heat fluxes b~tween ERA and the observations are larger:ihkn the 
~"' , l ' ' ' I ' ' 
random noises for the observational fluxes during the dry season, but the· general trends 
I I .· . ' 
of latent heat fluxes assimilated .by ERA agree well with the ob~~rvati~ns pfio~ to\ early 
' l : ' ~- • , ' : ' '' ' I ' ' ' 
' : , • ' ; I:; 
September. This agreement during the early stage of the transition:·isJikely to support an 
I , , 
adequate initiation of the ·transition in ERA because the increase: of latent surface flux 
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Figure 3.3. Time series of the surface sensible (SH) and latent (Ijl);fluxes averaged over 
the 1992 and 1993. The surface fluxes obtained from ERA are fPl.otted in curves with 
squares (SH) and dots (LH), respectively. The surface fluxes obtained! from in situ 
ABRACOS observations are plotted in curves with diamonds (SH) and triangles (LH), 
respectively. The numbers of pentads in the abscissa are determined by their calendar 
dates. The ABRACOS observations of SH and LH are obtained from the tower 
measurements at the forest site in Reserva Jam, Rondonia (10.08°8~ 61.93°W) near Ji-
Parana. The ERA SH and LH are obtained from the 2.5° grid box overlap with this 
ABRACOS site. The unit iswm-2• 
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significantly underestimates the surface latent flux between middle September and 
middle October (from pentad 50 to pentad 57). However, these discrepancies on this 
stage of the transition should have a limited influence because the transition is now 
increasingly dominated by changes of the large-scale circulation. ERA underestimates 
the surface sensible heat flux by as much as 50% prior to late September (pentad 52), but 
overestimates the increase of the sensible heat flux during the transition. Culf et al. 
(1998) have shown that ERA underestimates the surface solar flux at Reserva Jam, 
especially during May to August due to the errors of cloud cover in the ERA. This 
underestimation of surface solar flux may contribute to the underestimation of surface 
latent and sensible flux as shown in Fig. 3.3. In short, ERA appears to reasonably capture 
the evolution of atmospheric circulation key to the transition from the dry to the wet 
season over the Amazon. The land surface conditions may be not statistically significant 
in the dry season, but reasonably represent the variations of the real atmosphere during 
the early stage of the transition and the wet season (Betts and Jacob 2002). 
We use horizontal wind, vert;ic~l velocity, geopotential height, temperature, relative 
humidity, and specific humidity' from ~RA data at 13 levels (1000, 925, 850, 775, 700, 
: I. ! 
600, 500, 400, 300, 250, 200, 150, and 100 hPa, respectively) to derive the atmospheric 
thermal and dynamic fields related to the change of rainfall for the Southern Amazon 
region. All variables in the study, especially those nonlinear terms related to the input 
fields, are first computed from instantaneous input values at six-hour intervals. They are 
then averaged over a period of five days (a pentad). The pentad resolution has been 
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shown to minimize daily variations and noise but still to be fine enough to resolve the 
changes during the transition from dry to wet season over the Amazon (e.g., Kousky 
1988; Horel et al. 1989). 
3.1.2 Domain Of The Analysis 
Because the peak of the rainy season varies from July to January from the northern 
to southern Amazon, we choose the Southern Amazon region (5°-15°S, 45°-75°W) as 
the domain of our interest (domain DEFG in Fig. 3.1), to clearly capture the seasonal 
cycle of the rainfall over Southern Hemisphere Amazon. As shown in Kousky (1988) 
and Marengo et al. (2001), the wet season onset in this domain generally occurs in austral 
fall (October to November). This domain is mostly within the Amazon basin except for 
an inclusion of a small segment of Andes in the southwestern comer of the domain. The 
wet season in this domain starts before the establishment of the South American summer · 
monsoon ·and presumably· provides the needed latent heat for the development of the 
Bolivian. High (Silva Dias et al. l983; Gandu and Geisler 19~fi; Lenters and Cook 1997) . 
.. ' ~ , ! " . ' ' . 
Because the upper troposphere high is expected to occur to the southwest of the latent 
heating in the Amazon (e.g., Gil~ 1980; Lenters and Cook 1995), we expand the southern 
boundary of our domain southward to 30°S when we diagnose the changes of 200-hPa 
geopotential height (domain DEH1 ~n Fig. 3.1). This expansion allows a more complete 
inclusion of the upper troposph'eric response to the Amazon heating and the Bolivian 
High. 
36 
3.1.3 Computation of The Key Variables 
One effective way to understand what drives the transition from the dry to the wet 
seasons over South America is to clarify the similarities and differences between the 
South American and a more thoroughly studied classical monsoon system. Specifically, 
we aim to clarify whether the formation of the wet season circulation over the Southern 
Amazon region is driven by atmospheric dynamic processes similar to those of the Asian 
monsoon. We also hope to determine whether the onset of wet season over the Amazon 
is initiated mainly by an increase of the land sensible heat flux, as occurs in the South 
Asian monsoon, or by an increase of surface latent heat flux. The former leads to the 
reversal of the land-ocean surface temperature gradient, consequently the reversal of the 
low-level cross-equatorial flow and moisture transport. The area remains. very dry until 
the reversal of the cross-equatorial flow. If the latter is the case, an increase of surface 
latent flux could destabilize the local atmosphere and increase convection even before the 
reversal of the large-scale wind and moisture transport: The sens
1
itivity of the monsoon 
j . ' ( II ' ' 
; . ' ' :! ' 
onset to the surface fluxes would be very different in these two dases. To clarif'y how the 
: . : :! : 
onset of the wet season over the .Amazon is 1initiated, we win examine the evolution of 
the lower tropospheric moist static energy; the cross-equatorial flow that 'transports 
moisture into the domain, energy conversion, and the circulation at the upper 
I 
troposphere. These conditions are· represented by the equivalent potential temperature 
(Ge) at 850-hPa, t~e V-index (Wang and Fu 2002), net moisture convergence, the 
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conversion function between the atmospheric divergent and rotational kinetic energy (C), 
and 200-hPa geopotential height (Z2oo hPa). 
Equivalent potential temperature is computed from instantaneous temperature and 
specific humidity from ERA. The tendency of 9e (a!, ) is computed from the difference 
between subsequent daily mean Se and prev.ious daily mean Se divided by the two-day 
interval in the unit of K day-1• Five daily values are then averaged to obtain a pentad 
averaged value a:r, . To diagnose the causes of increasing a:r, at 850-hPa,. we also 
compute the contributions of the tendencies of temperature ( dT ) and specific humidity at 





where Lc is the latent heat of vaporization, Cp is the specific hea~: for constant pressure, 
' •i' : '1. 
and T1 is the temperature at the lifting condensation level. F and G are defined as in (2) 
and (3), where e is th~ vapor pressure, q is the specific humidity and p is pressure: 
F = Lc 2840x3.5q 
CP. T, 2 (3.5lnT -lne -4.805)2 
(2) 
38 
G = 2840 X 0.622 pq 
eT; (3.5ln T -ln e- 4.805) 2 (0.622q) 2 
(3) 
Tenn A of (1) represents the contribution of iJT to aoe at 850-hPa, and tenn B at at 
represents the contribution of ;~. 
The V -index is defined as the averaged meridional wind at 925-hPa for the area of 
5°N-5°S, 65°-75°W by Wang and Fu (2002) (Fig. 3.1, domain ABCD) to represent low-
level cross-equatorial flow. · The net moisture convergence is calculated from the net 
zonal and meridional moisture transport (A(uq) and A(vq)), respectively, to the Southern 
Amazon region. Zonal moisture fluxes are first integrated from 1000-hPa to 100-hPa 
respectively. The net zonal moisture convergence A(uq) is calculated by the difference 
between these terms. A positive. value of A(uq) represents a net zonal moisture 
moisture fluxes integrated from 1000-hPa to 100-hPa and from 45°W to 75°W along 5°S 
and 15°S respectively. The net meridional moisture transport A(vq) is computed from 
the difference between these two meridional moisture transport tenns. The total 
moisture convergence to the Southern Amazon region, i.e., the sum of A(uq) and A(vq), 
is then converted into precipitable water per day per square meter, in order to compare 
with the rain rate. 
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The energy conversion from divergent to rotational kinetic energy, C, is calculated 
using the formulas of Krishnamurti et al. (1998). 
where f is the Coriolis parameter. lfl and z are stream function and velocity potential 
respectively. ( ) denotes the integrations in the horizontal and vertical domain (5°-15°S, 
45°-75°W, and from 1000 hPa to 100 hPa). The integration is then averaged over the 
area. We calculated all the terms in formula (4), and our calculation shows that the first 
term · j\1 lfl• V z dominates the total conversion, which agrees with the results of 
Krishnamurti et al. (1998) for the South Asian monsoon and of Moscati and Rao (2001) 
for the tropical Amazon region. This term is proportional to the projection of the 
divergent wind on the rotational wind. When Vlfi"Vz is negative, divergent kinetic 
energy transforms to rotational kinetic energy. This leads to a positive C for negative 
I t 
Corio lis parameter in the Southern Hemisphere. 
3.1.4 Composite Analysis 
We use the composite method to highlight the common features for the 15 
transitions. Because the year-to-year variation of the onset date over Amazon can vary as 
much as three calendar months (cf. Marengo et al. 2001), our composite is centered at the 
pentad of the onset (defined as pentad 0, the threshold for defining the onset date is listed 
in the following subsection) of each year, rather than by calendar dates. The nth pentad 
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before the onset at each year is defined as pentad -n, and the nth pentad after the onset is 
defined as pentad n. Each of the composite variables for a given pentad, i, is calculated 
from the 15 values of that variable for the pentad i of each year during the period of 
1979-1993. This approach of using relative pentads enables us to more clearly focus on 
the large-scale circulation change associated with the evolution of the onset process, 
instead of calendar dates, over the Southern Amazon region. 
Figure 3.4 shows 95% confidence level of each composite variable using student-! 
distribution. The narrow confidence intervals of rain rate, V -index and moisture 
convergence suggest close agreements between the estimated composite values and 
statistically "true" composite values. The changes of these variables through the 
transition are larger than the uncertainties of the estimated values. The confidence 
intervals of c and 0!· are not as narrow as those of v~index, rainrate and moisture 
convergence. However, C still shows statistically significant change from negative to 
positive from the. initial phase to the onset during the transition. Comparing to the 
confidence ·interval, the increase ·.of aaee at 850 hPa is also significant for the period of 
. t 
pentad -18 to pentad -4. For the rest of the transition period, especially after pentad -4, 
the fluctuations of a!, at 850 hPa around zero become too small to be statistically 













2 10 . 
~ 8 \ ••• ··\ 
c 6 \ •• • /· 
~ 4 \ .. , .... \' , 
2 .. / .. -. ~- .. :::: ... ·~·- ~. / \.---··· 
o--~~~~~~--~~~~~~--~~-----~~~-----~~~ 
-24 -21 -18 -15 -12 -9 -6 -3 0 3 6 9 12 15 18 21 24 
pentad 
Figure 3.4. Seasonal changes of: (a) iJBeld! at 850 hPa (K day-1); (b) V-index (m s-1); (c) 
net moisture convergence (mm day-1); (d) kinetic energy conversion function C (10-6 m2 
s-3); (e) rain rate (mm day-1). Solid lines in each panel are the composite results for each 
variable. Shaded areas represent the confidence intervals at 95% significance. Dotted 
lines and dot-dot-dashed lines show the years with maximum positive and maximum 
negative departures from the composite results integrated through the entire transition 
periods. The three. vertical dotted lines divide times between the initiating, developing 
and maturing phase respectively, of the transition. 
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of the transition (from pentad -18 to -4), during which its increases are statistically 
significant. As we will show later,. this is also the period during which the accumulation 
of lower troposphere potential energy is the most critical to the transition. 
The composite results. are compared to extreme cases in 15 years of the analysis. 
Figure 3.4 shows that the variables change in the years of maximum positive (dotted 
lines) and maximum negative (dashed lines) departures, respectively, froni the composite 
results (solid lines) integrated through the entire transition period. Notice that the years 
of the extreme cases for each variable are determined independently, based on the 
maximum accumulated departure from its composite time series. Hence, the years of 
extreme cases can vary from one field to another. This approach presents a maximum 
possible departure of each field from its composite. As seen from Fig. 3.4, despite 
expected higher frequency variations and systematic higher or lower shift of the curves 
for the extreme cases, the general trends of V -index, net moisture convergence, the 
energy conversion function, and rain rate for the composite and extreme cases are similar. 
The large deviations from the composite values for a;, at 850 hPa from the pentad -5 to 
pentad 8, and for the energy conversion function after pentad 15 suggest that the 
composites do not adequately represent extreme cases during these periods for these 
variables. Fig. 3.5 compares the composite evolutions of rainfall obtained from ERA 
with those obtained from the rain gauges and GPCP blend rainfall data, respectively. The 
composite results of the rain gauges and GPCP data are calculated using the same method 
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described above except the onset criteria are based on their own climatological means. 
Fig. 3.5 shows that the rainfall changes associated with the onset processes in ERA are 
more realistically assimilated than the seasonal cycle based on the calendar date, as 
shown in Fig. 3.2. This is due to the fact that our composite method allows us to remove 
the bias of ERA in terms of calendar onset dates and to focus on the thermal and dynamic 
consistency of ERA with real transition process. Overall, Figures 3.4 and 3.5 suggest that 
our composite changes are mostly statistically significant, and reasonably represent the 
climatology of the transition. 
3.1.5 Defining The Onset of The Wet Season 
How to best define the wet season onset over the Amazon is still a subject of 
ongoing discus~i~n (Liebmann and Marengo 2001). Kousky (1988) defined the 
climatological onset date by choosing a threshold of 240 W m-2 for the pentad outgoing 
longwave radiation (OLR). The onset date is identified as when OLR in 10 out of 12 
subsequent pentads is below 240 W m-2 and OLR in 10 out of 12 previous pentads is 
above 240 W m -2• His approach captures the large increase, both in frequency and 
intensity, of the precipitation associated with the onset of the wet season. His results 
show that the onset of the convection expands rapidly from northwest of the Amazon 
basin to the south and the southeast, then migrates eastward at a slower pace. Following 
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Figure 3.5. Composite time series of precipitation (mm day-1) for ERA (bar), GPCP 
(dashed line), and rain gauge data (solid line) averaged over the Southern Amazon 
region. The three vertical dotted lines represent the beginning of the initiating, 
developing and maturing phase respectively during the transition. 
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gauge data in the Brazilian Amazon. They defined the onset as the time after which the 
rainfall exceeds4.5 mm day-1 in six out of eight subsequent pentads and before which the 
rainfall is well below 3.5 mm day-1 in six out of eight preceding pentads. Their definition 
produces an onset pattern similar to that of Kousky (1988). However, they have also 
shown that the onset dates vary with the somewhat arbitrary rain-rate threshold. How to 
objectively choose the rain-rate threshold for the onset is unclear. To address this issue, 
Liebmann and Marengo (2001) used the annual averaged daily rainfall of each year for 
each location as the threshold for the onset of that year. While this definition objectively 
determines the rain-rate threshold, it leads to a very different onset pattern from those of 
Kousky (1988) and Marengo et al. (2001). 
Our purpose is to investigate how large-scale circulation changes during the 
transition, rather thari determining the precise date of the onset. Nevertheless, we still 
need to specify a reasonable rain-rate threshold and show that our results are qualitatively 
insensitive to the rain-rate thres~old, as long as it is within the range of observed annual 
mean rain rate over that region for the period of our analysis. 
The influence of the uncertainty involved defining the onset on our results is 
examined, for example, in Fig. 3.6. This figure shows the changes of rainfall, moisture 
convergence and the evaporation through the transition derived from rain-rate thresholds 
varying from 5 to 8 mm day-1 of ERA, within the range of the year-to-year variation of 
the annual mean rain rate during the 15-year period for the Southern Amazon region. We 
use evaporation with the unit of mm day·1 instead of surface latent heat flux, to compare 
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with moisture transport and rain rate. The persistent increase of rainfall and moisture 
convergence during the transition, the peak values, and the large increase of these two 
fields associated with onset are consistent among all four rain-rate thresholds tested here. 
The relative contributions of the evaporation and moisture convergence as sources of the 
moisture for rainfall during the periods are also consistent among all cases. The timing of 
the peak rainfall and moisture convergence after the onset shifts forward relative to the 
onset pentad as the rainfall threshold exceeds 7 mm day-1• This shift is due to the 
postponement of the onset date toward the peak rainy season as the onset threshold 
approaches the climatological seasonal peak rain rate for the Southern Amazon region (8 
to 9 mm day-1). 
One way to objectively specify the rain-rate threshold is to use the climatological 
annual mean rain rate. For the Southern Amazon region, the 15-year climatology mean 
rain rate derived from the ERA is about 6.1 mm day-1• Therefore, we define the onset as 
the pentad before which rain rate is less than 6.1 mm day-1 for 6 out of 8 preceding 
· pentads and after which rain rate is greater than 6.1 mm day-1 for 6 out of 8 subsequent 
pentads. This definition adopts the approach of Kousky (1988) and Marengo et al. 
(2001), .and also uses an objectively defined rainrate threshold as Liebmann and Marengo 
(2001). The onset pentad defined by this criterion for the 15 years is listed in Table 1. 
Table 1 shows that the onset dates for the Southern Amazon region vary from the 
end of August to December over the fifteen years. Most of the onsets occurred in 
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Figure 3.6. Composite time series of the precipitation rate (mm day-1; solid lines), surface 
evaporation (mm day-1; dashed lines), and net moisture convergence (dotted lines) during 
the transition based on different onset criteria: (a) 5 mm day-1, (b) 6 mm day-1, (c) 7 mm 
day-1, and (d) 8 mm day-10 The three vertical dotted lines represent the beginning of the 
initiating, developing and maturing phase respectively during the transition based. on 
climatological rainrate. · 
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literature. The earliest onset occurred from the ·end of August to the beginning of 
September in 1979. The annual mean precipitation of this year was 8.2 mm day-1, the 
highest in the 15-year period. The onsets occurred at the end of December in 1984 and 
1986, about 60 days later than the averaged onset date. The annual rain rates during these 
two years are lower than the climatology. This is qualitatively consistent with the 
relationship between the onset dates and interannual changes of the annual precipitation 
found by Liebmann and Marengo (2001). 
3.2 Results 
To obtain an overall picture of the evolution of the atmospheric circulation during 
the transition, we examine Fig·. 3.4 again. The time series of ae e at 850 hPa (Fig. 3.4a) . at 
suggests that the increase of lower tropospheric moist static energy starts about 90 days 
(18 pentads) prior to the onset date of the wet season, and such increase diminishes soon 
after the onset. During the stage of rapid moist static energy increase, the latent heat flux 
increases rapidly (Fig. 3.7a) associated with the increases of the net radiation and 
downward solar radiation at surface (Fig. 3.7b ), but land surface sensible heat flux no 
longer increases (Fig. 3.7a). Large-scale moisture convergence in the Southern Amazon 
region and a moderate increase of rainfall begin about 60 days prior to the onset (pentad-
12). Ten days later, the cross-equatorial flow reverses to northerly, and the conversion 
from divergent to rotational energy begins (pentad -10). At or shortly after the onset, the 
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Aug 29-Sept 2 8.2 
Oct 8-0ct 12 6.9 
Oct 18-0ct 22 7.5 
Dec 2-Dec 6 6.0 
Oct 23-0ct 27 6.4 
Dec 26-Dec 31 4.9 
Oct 28-Nov 1 6.0 
Dec 26-Dec 31 5.7 
Nov 12-Nov 16 5.4 
Nov 7-Nov 11 5.6 
Nov 7-Nov 11 6.4 
Oct 23-0ct 27 5.9 
Nov 2-Nov 6 6.0 
Nov 22-Nov 26 4.5 
Oct 23-0ct 27 6.0 
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northerly cross equatorial low-level flow, the net moisture convergence to the Southern 
Amazon region, and rainfall increase rapidly. But the increase of ae e at 850 hPa and the at 
conversion of kinetic energy quickly diminish. 
Figures 3.4 and 3.7 suggest that the transition is mainly driven by increase of land 
surface latent fluxes at the beginning, by both increases of moisture transport and the 
surface latent flux during the developing stage, and by the moisture transport during the 
wet season. Three turning points can be seen during the transition; thus, we divide the 
transition into three phases and organize our discussion accordingly. 
3.2. 1 Initiating Phase (Pentad -18 To Pentad -10) 
The initiating phase starts at 90 days and ends about 50 days prior to the wet season 
onset. It is dominated by an increase of a: e at 850 hPa (Fig. 3.4a), indicating a local 
. . ~ 
increase of moist static energy of the lower troposphere. In the last 15 days of this phase, 
I ' • 
rainfall begins to increase, although the rate is small. The low-level cross-equatorial flow 
is still southerly. and moisture diverges for the Southern Amazon domain (Fig. 3.4b). The 
upper troposphere field remains sim~lar to that of the dry season, as shown by the 
latitudinal averaged geopotential height at 200 hPa in Fig. 3.8. This suggests that the 
increase of the local Se at 850 hPa cause the increase of thermally driven precipitation. 
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Figure 3.7. Composite time series of (a) the surface latent heat flux (W m-2; solid line,left 
axis) and sensible heat flux (W m-2; dotted line, right axis), and (b) net radiation (W m-2; 
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Figure 3.8. Composite temporal and longitudinal distribution of geopotential height at 
200 hPa (m) averaged over 5°-30°S through the transition from dry to wet season at 
pentad resolution. Contour interval is 30 meters. 
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contributions of temperature and specific humidity changes represented by terms A and B 
in (1) in Fig. 3.9a during 1979 -1993 to ae e at 850 hPa. Before the initiating phase at 
begins (pentad -18), the increase of temperature contributes as much as the increase of 
moisture to the rising ae e at 850 hPa. During the initiating phase (pentad -18 to -1 0) at 
and also through the rest of the transition period (after pentad -1 0), the increase of the 
moisture becomes more important. The important impact of moisture increase on the 
lower troposphere moist energy from the dry to the wet season is also suggested by 
radiosonde observations (Fu et al. 1999; Petersen and Rutledge 2001). Fig. 3.7 shows the 
variations of surface latent heat flux, sensible heat fluxes, downward solar radiation and 
net radiation at surface. ~t the initiating phase, the latent heat flux increases with the 
increase of net radiation and the downward solar radiation at surface. The increase of the 
latent heat flux is even earlier than the increase of thermally driven precipitation over the 
region. 
The relative importance between evapotranspiration and large-scale moisture 
transport during this period is illustrated in Fig. 3.9b, in which the net moisture 
convergence into the domain is compared with the evaporation within the Southern 
Amazon region. The changes of both variables are statically significant, although the 
changes of evapotranspiration appear to be smooth. During the first half initiating stage, 
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Figure 3.9. Composite time series of (a) contributions of temperature change (K day-
1; solid line) and humidity change (K day-1 ; solid line with circles) to ()Be at 850 
'dt 
hPa (K day-1; bars); (b) surface evaporation (mm day-1; solid line with circles), net 
moisture convergence (mm day-1; solid line), and precipitation (mm day-1; bar); and 
(c) total moisture convergence (mm day-1; bar), net zonal moisture convergence 
(mm day-~; solid line), and net meridional moisture convergence (mm day-1; solid 
line with circles) for the period of 1979-1993 and averaged within the Southern 
Amazon region (5°-l5°S, 45°-75°W). The three vertical dotted lines represent the 
beginning of the initiating, developing and maturing phase respectively during the 
· transition. 
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contributor to the increase of water vapor and remains as the dominant source before the 
onset. At this stage, the cross-equatorial flow in the western Amazon, .as indicated by the 
V -index, remains the same as that in the dry season. Figure 3.9c shows the contribution 
of zonal and meridional moisture transport to the net moisture convergence over the 
domain. The southerly cross-equatorial flow in the western Amazon (Fig. 3.4b) leads to 
a meridional divergence of moisture flux (Fig. 3.9c) that is strong enough to compensate 
the zonal moisture convergence and cause net moisture divergence or near-zero 
convergence over the domain. The evolution of the atmospheric vertical and zonal 
velocities as well as relative humidity has been plotted along l0°S in Fig. 3.10. During 
the initiating stage, the vertical structure of the atmosphere remains similar to that of the 
dry season. The atmosphere above 700 hPa remains dry (relative humidity ~ 50%). 
Higher relative humidity (RH ~ 70%) is confined to the western part of the Amazon 
basin. Vertical velocity is either near zero or downward over the Amazon basin. Strong 
westerly flow dominates at the upper troposphere (Fig. 3.lla). The kinetic energy 
conversion function is negative (Fig. 3.4d), indicating the absence of the divergent to 
rotational kinetic energy~ The 200-hPa geopotential height is as low as that in the dry 
season (Fig. 3.8). These dry-season characteristics of the large-scale circulation and the 
shallowness of_ the rising motion suggest that the beginning of rainfall increase and the 
transition from net moisture divergence to convergence shown in Figs. 3.4b and 3.4c 
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Figure 3.10. Vertical-longitude cross section of the composites of zonal and vertical 
velocity (m s-1; vectors, here vertical wind is enlarged by 10 times for clarity) and rela-
tive humidity (shaded area and contour) along 10°S at: a) pentad -16; b) pentad -6; 
c) pentad 0; and d) pentad 6, respectively. 
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3.2.2 Developing Phase (Pentad -9 To Pentad 0) 
The developing phase is marked by the increasing importance of the dynamic 
process and the acceleration of the transition. It begins with reversals of both the V -index 
and the sign of the energy conversion function, and it ends at the onset of the rainy season 
with the diminishing of positive ae e at 850 hPa thereafter. The V -index has changed at 
from southerly to northerly. The northerly cross-equatorial flow brings moist air from the 
Caribbean Sea to the Amazon Basin (Wang and Fu 2002) and consequently changes the 
net moisture flux from divergence to convergence (Fig. 3.4c ). As expected from the 
prevailing easterly wind blocked by the Andes, Fig. 3.9c shows that the zonal moisture 
flux converges to the region through all seasons. However, it is compensated by the 
meridional moisture divergence before the wet season onset. This constant source of 
moisture helps to maintain a relatively humid dry season over the Southern Amazon 
region. The seasonal change of the net large-scale moisture divergence is mainly con-
trolled by the cross-equatorial moisture flux (Fig. 3.9c). 
During this stage of the transition, the rate of increase of the evaporation remains 
about the same as that in the initiating stage (Fig. 3.9b). But the net moisture 
convergence soon becomes a significant source of water vapor. The total water vapor 
gain within the domain increases by 50% compared to the initiating phase, and the 
relative humidity near the surface increases by 80% (Figs 3.10b and 3.10c). Precipitation 
during the developing phase increases steadily, but is still below the threshold for wet 
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Figure 3.11. Composite 200 hPa streamline at: a) pentad -16; b) pentad -6; c) pentad 0; 
and d) pentad 6, respectively. 
59 
season onset (Fig. 3.4e). 
Rising motion appears about 45 days before the onset (pentad -9 to -6) over the 
Southern Amazon region· and becomes stronger with time (Fig. 3.10). The middle 
troposphere becomes more humid (RH ~ 50%), presumably due to more frequent 
occurrence of deep convection. The composite streamline at 200 hPa in Fig. 3.11 shows 
that anticyclonic circulation in the upper atmosphere begins to form to the southwest of 
the Amazon basin at pentad -6. It becomes stronger and moves southward with the 
Amazon convection. These changes are consistent with the expected upper troposphere 
response to the increasing convection over the Amazon (Lenters and Cook 1997). 
Geopotential height at 200 hPa also increases about 60 m (about ~ of the total increase 
3 
from the dry to wet season) within the 30 days prior to the onset of the wet season (Fig. 
3.8), suggesting a rapid stretching of the tropospheric column. 
The aforementioned developments in a:• at 850 hPa, vertical motion, rainfall, and 
the 200-hPa geopotential height are consistent with the energetics of the atmospheric 
circulation during the transition. The increase of ae e at 850 hPa during both initiating at 
and developing phases indicates an increase of the moist static energy in the lower 
troposphere (Fig. 3.4a). The moderate increase of rain rate (about 1 mm day-1) at the 
beginning of the developing phase suggests a beginning of the · stretching of the 
troposphere column, which transforms moist static energy to divergent kinetic energy 
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(Moscati and Rao 2001). The conversion function becomes positive (Fig. 3.4d) about 50 
days prior to this onset (pentad -10) and increases steadily to its maximum at the onset of 
the wet season (pentad 0). This suggests the transformation of divergent kinetic energy 
into rotational kinetic energy. The vertical profiles of the kinetic energy conversion 
function at different stages of the transition period have been shown in Fig. 3.12. In 
contrast to the negative conversion function through most of the troposphere prior to the 
developing phase, the vertically integrated C becomes positive during the developing 
phase. The peak of the conversion function is initially near 250 hPa, then becomes 
stronger and rises to 200 hPa towards the onset. Hence the increase of the energy 
transformation mainly occurs in the upper troposphere centered at 10°-l5°S and 55°-
700W, where the anticyclonic circulation is enhanced rapidly during the developing stage 
(Figs. 3.11b and 3.11c). Evidently, the development of the wet season circulation pattern 
over South America is supported by energy conversions similar to those of the South 
Asian monsoon. 
3.2.3 Maturing Phase (After Pentad 0) 
In the maturing phase, the increase of surface fluxes weakens. The transition 
appears to be driven by a positive response of moisture convergence to increased rainfall. 
As shown in Fig. 3.4a, the increase of ae e at 850 hPa becomes insignificant. The · at 
northerly V -index steadily increases to its full strength (Fig. 3.4b ), doubling the 
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Figure 3.12. Vertical profiles of the composite kinetic energy conversion function (10-6 
m2 s-3) at pentad -16 (dash-dotted line), pentad -6 (dotted line), pentad 0 (dashed line), 
and pentad 6 (solid line) averaged over the Southern Amazon region. 
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convergence becomes a greater source of water vapor than the evaporation (Fig. 3.9b). 
Precipitation gradually increase,s to its annual peak of about 8 to 9 mm day-1 (Fig. 3.4e). 
Figures 3.10c and 3.10d show that the rising motion over the Southern Amazon 
region is maintained at approximately the same strength since the onset. But high 
relative humidity (R~ 70%) has penetrated further to 400 hPa, presumably due to the 
accumulated effect of upward convective transport of water vapor. From pentad 0 to 6, 
the increase of geopotential height suggests a continuous stretching of the atmospheric 
column within the 30 days after the onset (Fig. 3.8). The positive, but much weaker, 
conversion function (Fig. 3.4d) indicates a continuous gain of rotational kinetic energy in 
the upper tropospheric flow at a much decreased rate. A closed center of upper 
troposphere anticyclonic circulation, associated with the Bolivian High, forms near 18°S 
about 9-10 pentads (45 days) after the onset of the Amazon wet season (not shown). 
The results of Figs 3.4 and 3.8 suggest that the convective heating over the Amazon 
contributes to the development of the Bolivian High, consistent with previous numerical 
model results of Silva Dias et al. (1983), Gandu and Geisler (1991), and Lenters and 
Cook (1997). 
3.3 Discussion 
3.3.1 The Role Of Local Land Surface Processes And Large-Scale Transport 
Previous studies have shown that both land surface and large-scale dynamic 
processes influence the Amazon rainfall. However, their relative importance at different 
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stages of the transition, and therefore the influences of land surface change and c.limate 
variability of oceans on the Amazon rainfall, remain unclear. Our analyses indicate that 
the increases in surface fluxes, especially latent heat flux, are the dominant contributors 
to the increase of potential energy and water vapor during the initiating phase of the 
transition. Our results here are consistent with the radar results of convective structure in 
the Amazon for the transition season shown in Petersen and Rutledge (2001). Evidently, 
land surface processes should have the most significant impact during the initiating 
phase, and become less crucial during the developing and maturing stages. In the 
Amazon, the surface latent heat flux can increase prior to the increase of rainfall due to 
its relatively wet condition during the dry season compared to the classic Asian monsoon. 
This allows an increase of evaporation and, therefore, rainfall at the early stage of 
transition. This implies a drier land surface during the dry season, caused either by 
reduced rainfall or by an increase of runoff due to land use, could slow down the build-up 
of the local moist static energy, consequently delay the transition of the large-scale 
·circulation and wet se,ason onset. The large-scale circulation change associated with SST 
anomalies in the adjacent oceans could affect the onset at all stages, perhaps being most 
effective during the developing phase of the onset. During this phase, atmospheric 
transport becomes an important source of moisture, a deep layer of static instability is 
needed for convective breakthrough, and favorable upper tropospheric circulations are 
needed to reinforce the lower tropospheric convergence. The changes of the large-scale 
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circulation can easily influence these key factors of the transition from the dry to the wet 
seasons. 
3.3.2 Possible Prediction Factors 
Our analysis may help to identify the potential precursors for onset of the wet 
season over tropical South America. For short-term prediction of onset (5-10 days), a 
20% or more increase of relative humidity, a persistent increase of northerly pentad V-
index to 1 m s-1 or higher, and formation of an anticyclonic center at 10°S, together with 
rain rate, are likely to indicate the onset of the rainy season. For medium term (2-3 
months) prediction, a delayed or weak increase of the surface fluxes in later austral 
winter, a delayed reversal of V-index or a weak northerly V-index (Wang and Fu 2002), 
and abnormally strong upper troposphere westerlies in early spring probably indicate a 
delay of the rainy season onset. The latter, in tum, could delay the development of the 
Bolivian High in the subtropical South American region. The potential use of these 
variables as quantitative criteria for the onset of the wet season still needs to be further 
explored. It is important to clarify that these potential prediction factors are applicable 
only on a large scale. The precise date of the onset varies geographically within the 
Amazon. The link between the large-scale circulation change and the local onset needs 
to be further studied. 
3.4Summary 
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Using 15-year instantaneous ERA data (1979-1993) as well as rain gauge and 
GPCP data, we have studied the changes of land-surface and atmospheric variables at 
pentad (5-day) resolution during the transition from the dry to the wet seasons over the 
Southern Amazon basin. The results suggest that the transition is initiated by an increase 
of local land surface fluxes and then accelerated by dynamic responses to the increase of 
moist static energy in the lower troposphere. The transition process can be divided into 
three stages, according to changes in the main driving process. The initiating stage 
ranges from 90 days to 50 days before the onset of the rainy season. This stage is 
dominated by an increase of equivalent potential temperature in the lower troposphere. 
This is caused by increasing land surface fluxes, especially the latent heat flux, which 
consequently reduce the Convective Inhibition Energy (CINE), increase the buoyancy 
and the Convective Available Potential Energy (CAPE) of the lower troposphere (not 
shown here). Rain rate also begins to increase slightly. The cross-equatorial flow and 
upper tropospheric circulation during this stage remain unchanged from those of the dry 
season. 
The developing stage starts with the reversal of cross-equatorial flow in the western 
Amazon ·from southerly (during the dry season) to northerly about 45 days before onset. 
This wind reversal increases moisture transport from the Caribbean Sea, and leads to 
moisture convergence. As a result of increasing moisture transport, the total moisture 
gain doubles over the Southern Amazon region, compareq to the initiating phase. The 
enhanced moisture increases the probability of convection and consequently increases of 
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geopotential height at 200-hPa. In the upper troposphere, the positive energy conversion 
function suggests that divergent kinetic energy resulting from the stretching of the 
atmosphere column is transformed into rotational kinetic energy, consequently spins up 
the anticyclonic circulation. The stretching effect also reinforces the low-level 
convergence. This posi~ive feedback accelerates the establishment of a circulation 
pattern favorable for the onset of the wet season. 
The maturing stage begins with the onset of the Amazon rainy season and lasts 
about 30 to 60 days after the onset, when precipitation and 200-hPa geopotential peak. 
Presumably due to an increase of cloudiness which reduces the surface solar radiation, 
the increase of lower-level potential energy dissipates. The increase of rainfall and 
further development of the wet season circulation pattern appear to be dominated by the 
positive· feedback between the upper-level atmospheric anticyclonic circulation and the 
lower troposphere convergence. The South American monsoon circulation matures 
during this phase. 
Our results have offered a clarification for the apparent discrepancy in literature 
regarding the relative importance of the surface evaporation and large-scale moisture 
transport in determining the wet season onset. The results suggest that the increase of 
surface evaporation is key for initiating the transition from dry to wet seasons, although 
the large-scale moisture transport becomes a more important moisture supplier during the 
wet season. Hence, if the increase of surface evaporation is significantly weakened 
during the initiating phase, for example, increase of runoff due to change of land surface 
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type or decrease of rainfall in previous seasons, the onset of the wet season would 
probably be delayed. The changes in the large-scale circulation, such as those due to SST 
changes in the adjacent tropical Pacific and Atlantic, could directly influence the 
developing and maturing· phases of the transition through their control over weakening of 
the moisture transport or the transition of upper tropospheric circulation. They can also 
indirectly influence the surface fluxes through their control of rainfall and cloudiness 
during dry seasons and the initiating phase of transitions. 
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CHAPTER4 
INTERANNUAL VARIATIONS OF WET SEASON ONSET 
OVER TROPICAL SOUTH AMERICA 
The previous Chapter provides general evolutions of large-scale atmospheric and 
land surface conditions from dry to wet season over tropical South America. However, 
the climatology of the transition shown in Chapter 3 cannot explain discrepancies as large 
as three months for the onset dates of the rainy season on an interannual scale (Marengo 
et al 2001; Chapter 3). This chapter explores how the large-scale conditions mentioned 
above cause the deviations from the climatological wet season onset. This will also 
verify the mechanism presented in Chapter 3. 
Chapter 3 demonstrates that in general, wet season onset begins from the increase of 
land surface fluxes that destabilizes the lower troposphere and initiates the seasonal 
increase of rainfall. The latter accelerates the transition of the large-scale circulation and 
leads to the onset pf the wet season. This implies that changes in land surface fluxes, in 
addition to the externally forced atmospheric large-scale circulation change, could 
accelerate or delay the wet season onsets on an interannual scale. To verify this 
contention, we have selected 1979, 1984, and 1986 as examples of earlier or delayed 
onsets during the period of our analysis (1979-1993). These years are chosen because 
their onset dates (pentad 49 at 1979, pentad 73 at 1984 and 1986) differ from the fifteen-
year average onset date (about pentad 62.5) by more than one month (Table 1). We also 
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use 1990 as an example of a normal onset year. The data used here and the domains 
analyzed in the Chapter are the same as in Chapter 3. All variables are analyzed 
according to their absolute pentads instead of relative pentads. We used the absolute 
pentads here to compare the relatively earlier and later change of the key variables during 
the transition in different years. 
4.1 Interannual Variations Of The Wet Season Onset 
4.1.1 Normal Onset 
In a "normal" onset year 1990, the Bowen ratio, i.e. the ratio of the sensible and 
latent heat fluxes, ranged between 0.4 and 0.6 during the dry season and between 0.2 and 
0.35 during the wet season (Fig. 4.1a). This is within the range of its observed values at 
the ABRACOS (Manzi and Planton 1996; Dias and Regnier, 1996). Since the ERA land 
surface fluxes are somewhat uncertain, we can only qualitatively discuss their differences 
between normal, early, and late onsets. In 1990, surface sensible flux averaged over the 
Southern Amazon region began to increase in early June (pentad 30, Fig. 4.1b), and 
surface latent flux in middle July (pentad 38, Fig. 4.1c). Following the increase of 
surface latent flux, humidity at 850-mb (qssomb, Fig 4.2a) and CAPE all increased (Fig. 
4.3b ), and CINE decreased rapidly in early August (pentad 44; Fig. 4.3a). Precipitation 
began to increase from pentad 45. The V -index reversed in mid-October (pentad 57; Fig. 
4.4a) and the 200-mb geopotential height began to increase in late September (pentad 53; 
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Figure 4~ 1. ·Annual cycles of area averaged a) Bowen ratio; b) surface sensible fluxes; c) 
surface latent fluxes for 1990 (curve with open circles), 1979 (curve with closed circles), 
1984 (solid curve) and 1986 (dotted curve), respectively, for the Southern Amazonian 
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Figure 4.2. Annual cycles of area averaged 8e at 850-hPa (bars, unit: K), potential 
temperature 8 at 850-hPa (diamonds, unit: K) and q at 850-hPa(open circles, unit: kg kg-
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Figure 4.3. Annual cycles of area averaged a) CINE; and b) CAPE of 1990 (open circles), 
1979 (closed circles), 1984 (solid curve) and 1986 (dotted curve), respectively. The unit 







































Figure 4.4. Annual cycles of area-averaged a) the V-index (unit: m s-1), and b) 200-mb 
geopotential height over.the area of 5°-30°S 45°-75°W (unit: meter) for 1990 (open 
circles), 1979 (closed circles), 1984 (solid curve) and 1986 (dotted curve), respectively. 
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Fig. 4.4b ). Precipitation increased quickly with the northerly cross-equatorial flow and 
reached the onset criteria 6.1 mm dai1 at pentad 60 (Fig. 4.5). The precipitation over the 
southern Amazon region also showed approximately 20-30 days intraseasonal variations 
as in Asian monsoon area. The process of normal onset year 1990 is consistent with that 
of wet season onset climatology in Chapter 3, i.e. the transition is mainly initiated by 
increases of surface latent heat flux and local driven precipitation. The latter provides an 
effective forcing for the reversal of the cross-equatorial flow, which causes net large-
scale moisture convergence to the Southern Amazon region. 
4.1.2 Early Onset 
In 1979, the wet season began during August 28-September 2 (Table 1), about two 
months earlier than the averaged onset date (November 2-6). Compared to the dry 
season of 1990, the Bowen ratio was as much as 40% lower during August and 
September (Fig. 4.1a), as a result of lower surface sensible heat flux (by - 25% or 10 
Wm-2, Fig. 4.1b) and higher latent heat flux (by -10o/o or 10 Wm-2, Fig. 4.1c). Specific 
humidity at 850-mb (qssomb) followed the higher surface latent flux, and was also 10% 
higher (Fig. 4.2). Evidently, the Bowen ratio was lower, the land surface was wetter and 
the lower troposphere was more humid during the 1979 dry and early transition seasons. 
CINE in June was 25% lower (Fig. 4.3a), and reduced quickly to 25-50% of its normal 
dry seasonal values in early July (pentad 36), before the northerly reversal of the V-index 
(Fig. 4.4a). In contrast, CAPE (Fig. 4.3b) and the 200-mb geoptential height (Fig. 4.4b) 
75 























L 0 (]) 
> -2 c 
0 
0 -4 
6 12 18 24 30 









Figure 4.5. Annual cycles of area averaged a) rainrate (mm day-1); and b) moisture 
convergence (mm day-1) for 1990(open circles), 1979 (closed circles), 1984 (solid curve) 
and 1986 (dotted curve), respectively. 
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were similar to those of 1990 during the peak.dry season, suggesting that the middle and 
upper troposphere in the dry season were as stable as in a normal dry season. Thus, 
wetter land surface and higher surface latent heat flux must contribute to the higher q85omb 
and lower CINE found in the 1979 dry and early transition season. 
The transition of the large-scale circulation also began earlier in 1979 than that in 
1990. The V-index reversed to northerly in late July (Fig. 4.4a) almost three months 
earlier than in 1990. In middle August (pentad 45) when the northerly V -index increased 
to 2 m s·1, the increase of qssomb, Se at 850mb (Fig. 4.2b) and CAPE (Fig. 4:3b) also 
accelerated. Clearly, the earlier transition of the large-scale circulation also contributes to 
the earlier wet season onset in 1979. Although our diagnostic results cannot directly 
determine what causes the earlier reversal of the V-index in 1979, the warm land-surface 
temperatures caused stronger continent-ocean surface temperature differences in 1979 
than in 1990 throughout most of the transition period (not shown). Thus, both the earlier 
increase of rainfall and the warmer land surface temperature may contribute to the earlier 
northerly reversal of the cross-equatorial flow in 1979. 
Our analysis of the 1979 case suggests that a wetter land surface in the dry season 
cause an abnormally lower CINE, and thus promote an earlier and more rapidly increase 
of rainfall during the early phase of the transition. The anomalous rainfall and the earlier 
reversal of the cross-equatorial flow apparently led to the earlier wet season onset. 
4.1.3 Late Onsets 
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Compared to the "normal" 1990, the wet season onsets were delayed by almost two 
months (Table 1) in both 1984 and 1986. Surface latent heat flux in both these years 
began to increase in early July (pentads 38 and 39), as it did in 1990 (Fig. 4.1c). 
However, the se~sible heat .flux was higher and the latent heat flux was lower, especially 
during the 1984 dry season, so the Bowen ratio was higher than normal in July and 
October by as much as 40% higher in 1984 and 20% higher in 1986 (Fig. 4.1a). These 
surface heat flux anomalies clearly indicate a drier land surface, especially in 1984. As 
expected from such dry land surface conditions, CINE was 2 to 3 times higher during 
August to middle September of 1984 and 1986 (Fig.4.3a). CINE remained higher than in 
1990 through the rest of the transition until the wet season onset. 
Figure 4.6 shows the composite CAPE and CINE during the transition, where CAPE 
and CINE are computed as in Williams and Renno (1993). During the fifteen years of 
our analysis, the wet season onsets appear to occur only after CINE reduces to 50 J kg-1 
or less (Figures 4.3a and 4.6). CINE also remains lower than this value throughout the 
wet season. This result from ERA is consistent with that estimated from multi-year 
radiosonde data for Southern Amazon region (Fu et al., 1999). Thus, a low enough 
CINE, for example, 50 J kg-1 or less may be a necessary condition for the wet season to 
occur over Amazonia. If so, CINE in both 1984 and 1986 were too high for wet season 
onset from June to the end of December. This excess CINE alone can generally explain 
the delay of the wet season onsets in both 1984 and 1986. 
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Figure 4.6. Fifteen-year composite of CAPE (solid, unit: kJ kg*1) and CINE (dotted, unit: 
kJ kg-1) over Southern Amazon region. 
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The large-scale circulation may have also influenced the wet season onset during the 
developing phase. The .anomalous land surface dryness was stronger in 1984 than in 
1986, but the delays of the wet season onset appear to be the same. As shown in Fig. 
4.5a, the V-index reversed to northerly in early September in 1984 and early December in 
1986. Although the northerly V-index in 1984 remained weak relative to that of 1990 
until late November (pentad 65), it could partially offset the influence of the stronger land 
surface dryness and contribute to a rapid decrease of CINE in early September (Fig. 
4.3a). The 200-mb geopotential height also increased rapidly starting from the end of 
September 1984 (the 54th pentad; Fig. 4.4b), following the northerly reversal of the V-
index. Thus, the earlier initiation of the large-scale circulation transition in 1984 may 
have partially offset the effects of the stronger surface dryness. 
4.2 Discussion 
4.2.1 Impact Of Land Use On The Precipitation Regime Over The Amazonia 
Our analysis in Chapter 4 suggests that land surface conditions during dry and early 
transition seasons can contribute significantly to the interannual changes of the wet 
season onset. For example, the humid surface conditions in the 1979 dry season 
supported higher surface latent fluxes, weaker CINE, and stronger CAPE, and in turn a 
stronger and quicker increase of convection. These factors and the earlier reversal of the 
cross-equatorial flow lead to an earlier increase of rainfall and geopotential height in the 
upper troposphere during the transition, and hence an earlier wet season onset. 
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Conversely, the lower surface latent flux and drier lower troposphere during dry seasons 
in 1984 and 1986 appear to cause higher CINE and lower CAPE during the transition, 
and therefore a delayed wet season onset in both years, even with the normal reversal of 
the cross-equatorial flow in 1984. On the other hand, the earlier reversal of the cross-
equatorial flow in 1984 may have partially offset the delay expected from the stronger 
land surface dryness. Overall, our results imply that a drier land surface during the dry 
season should delay, not accelerate the wet season onset over Amazonia, although it 
should be noted that the surface conditions of the dry and transition seasons are largely a 
result of historic and current atmospheric conditions. 
Previous land use studies have consistently shown that the removal of the 
rainforest reduces canopy interception of precipitation, increases runoff, and increases the 
exposure of the surface soil to solar radiation (e.g., Salati and Vose 1984; Dickinson and 
Henderson-Sellers 1988; Nobre et al., 1991; Hodnett et al., 1996; Souza et al., 1996; 
Werth and Avissar 2002). The loss of deep roots found in the rainforest (e.g., Dawson 
1993; Nepstad et al., 1994) would discon~ect surface soil from moisture in underlying 
deep soil. All these changes tend to accFlerate the loss of soil moisture immediately after 
rain events, consequently reducing·the·s~rface wetness and latent heat flux during the dry 
. :. I, 
season (e.g., Nobre et al., 1996). :B~~~d on the mechanism suggested by our analysis, 
with forest removed, the transition from dry to wet season should be delayed and 
weakened, thereby increasing the length of the dry season. By the same token, such 
changes would also amplify and prolong droughts, such as those caused by El Nino. 
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Compared to the areas with rainforest, the lower soil water storage would further reduce 
the surface latent heat flux during the droughts, thus require stronger moisture transport 
to support wet season onset. In reality, the influence of land use on the wet season onset 
and the length of dry ·season ~ould depend on the patterns of land use and characteristic 
climate and ecological conditions that vary within the Amazonia. Thus, the general 
hypothesis i~ferred.from our resu~ts must .be tested more thoroughly using global and 
regional climate models. These inferences may not be applicable for the easternmost 
Amazonia, where oceanic influences dominate the precipitation climatology. 
It is also possible that· basin-scale land use could so substantially decrease the 
surface soil moisture and land surface latent heat flux during dry and transition seasons 
that the increase of sensible he~t and of continent-ocean surface temperature gradient 
would become the main driver of the cross-equatorial flow reversal, as found for the 
Australia monsoon. With such changes, the diabatic heating in the middle troposphere 
produced by local rainfall in the early phase of the transition would be absent. The wet 
season onset could be delayed to s~mmer, instead of spring, as found for the Australia 
monsoon. Further more, the smalJyf temperature contrast between Amazonia and the 
tropical Atlantic Ocean compared to'· the continent-ocean contrast of the Austro-Asian 
monsoon systems implies a weaker seasonal reversal of the continent-ocean temperature 
gradient. Thus, a shift from predom)n.~tely surface latent heat flux to sensible heat flux as 
• 
the main initiator of the transition ·;could substantially delay the wet season onset, 
resulting in a climate regime with a much longer and drier dry season. 
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4.2.2 Potentials Of LBA Observations For Determining The Influence Of Land 
Surface Fluxes On Seasonal Transitions Of The Amazonian Rainfall 
Although our results derived from ERA may clarify how to best use LBA and pre-
LB.A in situ_ obseryations to investigate the processes that determine the wet season onset, 
. ' 
the ERA 'results may ·be inaccurate as to quantitative changes of the land surface fluxes. 
In particular, the surface fluxes and their climate variability during dry and transition 
season as represented by ERA need to be evaluated by multi-year observations as 
obtained by combining ABRACOS and LBA. In addition, the comprehensive and year-
round in situ LBA measurements represent the best available ground "truth" over the 
Southern Amazonia for land surface fluxes from ground to canopy level, as well as soil 
moisture at various depths for diff~rent vegetation types. These LBA observations can be 
used to clarify the physical and biological processes that control surface fluxes and soil 
moisture during the transition seasons, and their interannual variations. As the LBA 
tower observations accumulate, especially through El Nino-Southern Oscillation cycles, 
we will be able to evaluate changes in the land surface fluxes for at least several areas 
within the Amazonia. They can also be used with satellite observations to examine the 
influences of atmospheric condition, such as rainfall and cloudiness, on the land surface 
conditions during dry and transition seasons. More importantly, the progress made by 
LBA in understanding the factors that control surface soil moisture and surface fluxes 
could lay the foundation for us to determine the influences of pre-seasonal and current 
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rainfall on these land surface properties in our large-scale diagnostic studies of . 
precipitation climatology. 
4.3 Summary 
Our analysis of Chapter 4 further supports that the transition from dry to wet season 
in the Southern Amazonia is initially driven by increases of surface heat fluxes, 
especially latent heat flux. These fluxes rapidly reduce CINE and increase CAPE, and 
consequently provide a favorable condition for more rainfall even before the large-scale 
circulation has changed. The increase of rainfall presumably initiates the reversal of the 
cross-equatorial flow, thus leading to large-scale net moisture convergence over the 
Southern Amazonia. The analysis of early and late wet season onsets on an interannual 
scale shows that a longer dry season with lower rainfall causes lower surface latent heat 
flux in the earlier transition periods. This results in a higher CINE and a lower CAPE, 
which delays and weakens the initial increase of rainfall, thus the transition of the large-
scale ci~culation. Conversely~ ~- wett:er dry season leads to a higher surface latent heat 
flux and a weak CINE, providing a necessary condition for an earlier increase of local 
rainfall and a sooner wet season onset. 
The removal of the rainforest would result in a more rapid loss of soil moisture after 
rain events and thus· drier surface soil and lower surface latent heat flux during the dry 
and transition seasons. If we assume that the changes of land surface fluxes due to land 
use are comparaple to the differences between forest and pasture observed by ABRACOS 
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(e.g. Nobre et al. 19.96) and LBA, then these changes would be comparable or greater 
than those interannual changes between the early and late onsets. Thus, increased land 
use could delay the wet season onset and prolong the dry season by as much as several 
months given similar large-scale atmospheric circulation pattern to today's. These 
inferences, if they can be validated by LBA observations, strongly suggest that more 
effort should be made to understand the impact of land use on the dry and transition 
seasons. Changes of precipitation during these periods· may not only have greater 
ecological and economic impacts than a moderate reduction of wet season rainfall, but 
also have not received adequate attention . 
. Our results in Chapter 4 suggest that the influence of excess soil moisture on an 
early wet season onset can be different than that of dry soil on a late wet season. The 
land surface wetness and static instability in the lower troposphere only provide a 
necessary condition, not a sufficient condition, for wet season onset. Thus, a drier land 
surface delays the wet season onset, whereas a w~t land surface during the dry season 
I 
. . . : . I 
does not necessarily result in an earlier onset wlien :lack of suitable triggering factors as 
' I ~ ~ i ' 
we will show later in the next Chapter~ 
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CHAPTERS 
THE TRIGGERING IMPACT FOR WET SEASON ONSET 
OVER TROPICAL SOUTH AMERICA: MID-LATITUDE 
INFLUENCES 
The results of Chapter 3 and Chapter 4 address large-scale conditions needed for the 
wet season onset over tropical South America. However, this is not sufficient to 
determine the exact onset date. As we will show later, the land surface conditions and 
large-scale atmospheric conditions were favorable for early onset in 1982, but the real 
onset date (pentad 68) is about 30 days later than the climatological onset pentad (pentad 
62.5). The one month delay of the onset date for 1982 could not be explained using land 
surface conditions and atmospheric thermodynamic conditions such as CAPE and CINE. 
The onset of the monsoon rains is usually triggered by the intraseasonal variability 
of the atmospheric circulation (Webster et al, 1998). Previous studies have shown that 
when large-scale conditions for Asian monsoon systems are ready, such as a sufficiently 
strong temperature contrast due to the seasonal increase in solar insolation (e.g. Webster 
1987), the actual onset may be triggered by a transient event such as a cold surge (e.g. 
Chang and Chen 1995), a synoptic system, or the Madden-Julian oscillation (MJO; 
Madden and Julian 1994). The earliest onset of the Asian summer monsoon occurs in 
early to middle May over the South China Sea. The arrival of a midlatitude trough/front 
appears to lead to increased deep convections along a southwestward extension of the 
. I . 
cyclogenesis zone in the equatorial Indian Ocean and cause the onset of the South China 
. . . . I 
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Sea summer monsoon (Chang; and Chen, 1995). In the western Pacific and Indian 
oceans, the MJO is an important source of intraseasonal variability, and has been 
implicated as a trigger for the onset of the Indian (Webster 1987) and Australian (Hendon 
and Liebmann 1990) monsoons,.·as well as a factor in their active-break cycles. 
Observations have shown that wet season onset over South America begins in the 
northwestern part of South America, expands southward to southeastward from the 
western Amazon to southeastern Brazil (about 20-25 degree latitudinal) within a week or 
two in the austral Spring and finally progresses eastward to the northeastern Brazil and 
the entire basin (e.g. Kousky 1988; .Sugahara 1991). Horel et al. (1989) suggested that 
the rapid onset, sometimes on· a 5-day period, is of dynamical origin rather than a 
response to the annual variation in solar zenith angle. Over the Amazon region, the MJO 
does not emerge as a prominent instigator of the onset mechanism. It is generally much 
weaker over South America than in the Asian-Australian sector, although it does 
modulate the South American LU and the SACZ (Liebmann et al 2003). 
Mid-latitude cold surges often penetrate into subtropical and tropical South America 
along the east of the Andes all year around. From a statistical perspective, the cold 
surges are the dominant synoptic-scale mode of circulation and temperature variability 
over subtropical South America (Kousky and Cavalcanti 1997; Vera and Vigliarolo 
2000). The structure and influence of the cold front systems on precipitation during 
austral winter and summer have been investigated by Marengo et al (1997), Garreaud and 
Wallace (1998), Vera and Viglh1rolo (2000) and Vera et al. (2002). These strong cold 
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surges may account for about 50% of the total summertime precipitation south of 25°S, 
about 30o/o over the western edge of the Amazon basin and 20o/o over the northeast coast 
of South· America :·when the ~onvective bands propagate equatorward (Garreaud and 
Wallace 1998). The mean monthly distribution of the frequency of frontal passage 
between 5°S. and 20°S is the highest during the transition season (October-November) 
according to Oliveira (1986). Whether these mid-latitude cold air systems could trigger 
the transition from .dry to wet i seasons as in the East-Asian monsoon region remains 
unclear, however. 
The unique southeastward expansion of the deep convection area from western 
Amazonia over South America seems to resemble the propagating passage of a cold air 
intrusion. However, whether such a cold air intrusion could indeed influence the wet 
season onset over South America has not been previously investigated. In this Chapter, 
we will explore its role as a possible trigger of the wet· season onset. This will lead to a 
more precise determination of the wet season onset, and consequently a clearer 
I 
understanding of what causes :svch large discrepancies in the onset dates interannually 
I 







Since the lifetime of cold air intrusions is usually on the order of 5-12 days 
I 
I 
(Marengo et al. 1997; Garreaud 2000), daily time resolution of ERA data is used to 
I 
i 
discern the cold air intrusion cases. The large-scale thermodynamic and dynamic fields 
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remain in pentad resolution for ;the purpose of representing the wet season onset as seen 
in Chapters 3 and 4. Based on the onset criteria defined in Chapter 3 for the period of 
1979-1993 (Table 1), the onset dates for 11 out of 15 years occurs within October and 
November. The influence of cold air intrusions on wet season onset has been examined 
for October to November as th~ climatology background. Cold air is defined according 
to Garreaud (2000) but modified due to the large interannual change of the wet season 
onset dates. Specifically, we choose the 24-hour sea level pressure tendency (oSLP) as 
the key variable for identifying ;the steep rise in SLP at the leading edge of the cold air. 
The cold air index domain (referred to as the index area thereinafter) is centered at 25°S 
and 57.S 0 W with sox so grid longitude and latitude. This index area has been shown to 
mostly capture the cold front ~and its remainders based on a climatological dataset 
(Garreaud and Wallace 1998; Garreaud 2000). The initial set of cold air episodes was 
taken as the days that oSLP is within the top 10% of the seasonal frequency distribution 
for those years which onsets oc~urred in Oct. to Nov.. To make sure the SLP increase is 
actually associated with the pass.age of a cold air incursion, we only retain those episodes 
il 
in which SLP is higher than 101,~-~Pa and temperature drops at least 8°C after the whole 
process. The choices of 1018-~Pa and 8°C are based on the climatology for October-
! 
November for all 1S years. W,e also combine the evolution of 92S-hPa geopotential 
I 
i 
height to verify the cold air incutsion process. For the rest of years, cold air episodes are 
I . . 
I 
defined using the above oSLP, S~P and temperature criteria obtained for Oct.-Nov .. Fig. 
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5.1 showed the time series. of oSLP, SLP and 925-hPa temperature for the transition 
period of 1979 as an example, together with the selected episodes. In 1979, the wet 
season onset occurred at pentad:49, which is defined as August 29 to September 2. There 
is a strong cold air intrusion beginning on August 29 which lasts for about 6 days. 
Based on the criteria of oS'LP, SLP and 925-hPa temperature as well as geopotential 
height at 925-hPa for the fifteen years, we found strong or weak cold air intrusions 
associated with all wet season onsets except for the two late onset years 1984 and 1986. 
This is because these two late onsets took place at the year's end when sufficiently strong 
cold air intrusions are unlikely to occur. The climatological influence of cold air 
penetrations on wet season onset over tropical South America is represented by a 
composite of the large-scale circulation change associated with the cold air intrusions. 
Day 0 of a composite field is the average for that field from all the days when cold air 
intrusions are first identified immediately preceding wet season onset. Composite fields 
for day n (for n = -2, -1, +1 and +2) are defined as the average of the fields using n days 
I 
before or after each original d~y 0. The associated circulation, convective activity and 
thermodynamic features are cha~acterized by the composite analysis. 
Linear regressions of SLP and 925-hPa temperature against precipitation are used to 
measure the influence of cold air intrusions on precipitation amount over South America. 
This statistical method is able tp identify the spatial patterns of precipitation change due 
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Figure 5.1. Daily mean values df 24-h sea level pressure tendency (OSLP, upper panel), 
sea level pressure (middle upp~r panel), 925-hPa air temperature (middle lower panel) 
averaged over the 5 ° x 5° cold air index area centered at 25°S 57 .5'Vi as well as averaged 
rainrate (bar) and moisture conVergence (curve) over the Southern Amazon domain (5°-
1508, 45°-75°W) (lower panel).l Horizontal line in the middle upper panel indicated one 
of the criteria, SLP, for identifying cold air episodes. The vertical dashed lines indicate 
day 0 for the selected cold surge~ according to Garreaud (2000). 
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5.2 Results 
5.2.1 Role Of Cold Air Intrusions In A Climatological Transition 
Cold air intrusions usually :influence precipitation through convergence ahead of the 
front and the uplifting of warm air (Aguado and Burt, 1999). Exploring a possible 
connection between cold air intrusions and precipitation change over South America 
during the transition period, Fig. 5.2a shows the correlation of ERA precipitation field 
with SLP index, using daily dat'a in October and November for the fifteen years. Areas 
with significant positive correla~ions are found in the western Amazon and SACZ, while 
significant negative correlations:are observed in the subtropics. Since SLP increases and 
temperature decreases simultaneously during a cold air intrusion, significant negative 
correlations between the temperature and the precipitation fields appear in the western 
Amazon and SACZ (Fig. 5.2b) as expected. This suggests that precipitation increases 
over western Amazon and decreases over most of the subtropics when a cold front 
approaches. The enhanced convection that precedes the cool surges is consistent with the 
intense low-level wind convergbnce embedded in a conditionally unstable environment 
! 
(Garreaud and Wallace 1998). On the other hand, SLP and temperature changes related 
with cold surges during the transition season leave a clear imprint on convection over the 
SACZ, also pointed out by Lent~rs and Cook (1995). 
The composite fields of low-level wind anomalies and equivalent potential 
temperature (Se) anomalies at 925-hPa for the cold air episodes before the wet season 
) 
onsets are presented in Figure 5.3. The composite anomalies are calculated as the 
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Figure 5.2. Linear regression c.b~fficieht for daily precipitation . associated with 15-yr 
daily mean (a) Sea Level PressJ.r~ i (hPa), and (b) temperature at 925-hPa (K). Contour 
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Figure 5.3. Composite maps clf 925-hPa winds (vectors) and equivalent potential 
temperature anomalies ( contoure~ every 2 K) for cold surges. 
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composite fields minus the corresponding mean fields for all the cold air episodes. The 
anomalies of the meridional wind and 8e clearly reveal the equatorward advance of 
southerly winds and cold air. The negative 8e anomalies can penetrate equatorward to 10-
!5°S after the cold air passes through the index area. Fig. 5.4 shows the composite 294 K 
temperature contour migration during the cold air intrusion process. The temperature 
contour withdraws from about 35°S at day -1 to about 25°S when the cold air approaches 
the index area, and then recedes· further north to about 20°S one day after the cold air 
breaks up. In addition to the circulation and temperature changes, the precipitation also 
changes, as is demonstrated in Fig. 5.5. Fig. 5.5 shows the composite sequences of the 
precipitation anomalies before, during, and after the cold air intrusion. The enhanced 
convection as shown by the positive value of the precipitation anomalies is located at the 
leading edge of the cool air. It moved from the southern subtropics 30-35°S to the lower 
latitudes (as far north as 5-l0°S; although the major convective area is located near 10-
20°S). The band had longitudii~al scale of about 3000 km. The enhanced convection 
! 
I 
ahead of the cool surges is c~nsistent with the intense low-level wind convergence 
I 
I . 
embedded in a conditionally unstable environment (Garreaud and Wallace 1998). This 
I .. 
I 
synoptic-scale band was limited pY the eastern slope of the Andes and extended into the 
South Atlantic Ocean with a nohhwest-southeast orientation. The spatial pattern of the 
! 
enhanced precipitation seems to I agree with the onset migration of the wet season over 
i 
South America, suggesting that ~~1e wet season onset may be triggered by such cold surge 
systems. 
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Figure 5~4. The migration of composite 925-hPa temperature 294K during the cold 
air intrusion. 
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Figure 5.5. Composite maps of precipitation anomalies for cold air intrusion passage. 
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5.2.2 Influence Of The Cold Air Intrusion On The Early And Late Onsets 
On a statistical basis, the wet season over tropical South America often begins with 
a short period of transition from a dry atmosphere with infrequent precipitation event to a 
more humid atmosphere with rriore frequent rainy events. Figures 5.3 and 5.5 suggest 
that cold air intrusions enhance convective precipitation through low-level wind 
convergence, thus contributing to this rapid transition. However, cold air incursions 
occur in all seasons. What determines which cold air incursions trigger the wet season 
. I! 
onset? The wet season onset not only depends on a cold air intrusion over tropical South 
America but also depends on the large-scale circulation over the region. When large-
scale conditions are not ready to susta~n frequent deep convection, co!d air intrusions 
alone cannot maintain frequent and strong rainfall. What is the right combination of cold 
air triggers and the large-scale conditions for wet seaso~ onset? . 
Possibilities for such a combination can be illustrated by comparing the following 
three onsets: the early onset ·year 1979 (onset at pentad 49; around August 19 to 
i 
September 2), a relatively late onset year 1982 (onset at pentad 68, from December 2 to 
December 6), and a "normal" o~set year 1983 (onset at pentad 60, between October 23 
and October 27) as an example f~r normal onset year. 
Figure 5.1 shows the frequ~ncy of cold air intrusions in 1979. Right before the wet 
season onset at pentad 49 (i.e. d~y 241-245), a strong cold air event passed through the 
index area. It started at day 238,, although the maximum SLP increase and temperature 
drop occurred at the onset date (i.e. day 241; August 29). Figure 5.6 shows the sequential 
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Figure 5.6. Latitudinal-time cross -section along 60°W of (a) Sea level pressure (hPa), 
(b) temperature (K) at 925 hPa,i (c) meridional wind (m s·1) at 925 hPa, positive values 
represent southerly, (d) relative ~umidity at 925hPa, (e) CAPE (KJ kg-1), and (f) rain rate 
(mm day-1) in 1979. x coordinate: is calendar day, y-coordinate is the latitude. 
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variation of SLP, temperature at 925-hPa, V-index, relative humidity at 925-hPa, CAPE 
and precipitation along 600W as the cold surges passed the index area. Cold air 
penetrated into the Amazon region, as is shown by inc_reased SLP and decreased 
temperature starting from 3 days before the onset (Figs. 5.6a and 5.6b ). CAPE also 
increased rapidly (Fig. 5.6e) from day -3 to day +1, and the meridional wind changed 
from northerly to southerly (F~g. 5.6c ), causing moisture convergence (Garreaud and 
Wallace 1998) over 8°S to 18°8 starting from day 238 (not shown here). Precipitation 
increased from 5 mm dai1 to 10 mm dai1 averaged over the entire area (Fig. 5.6f). The 
relative humidity increased from 65% to 85% and remained high afterwards (Fig. 5.6d). 
After the cold air intrusion, wet season · onset began at pentad 49 corresponding to 
calendar days 241-245. This means that the cold air helped to release the potential 
energy of the atmosphere and increase the moisture convergence and precipitation to· 
trigger the onset. Through all the 15 years, the early ()nset years including 1980 (onset at 
pentad 57 i.e. Oct. 8- Oct. 12) ~nd 1981 (onset happened at pentad 59, i.e. Oct. 18-0ct. 
22), appear to be triggered by similar cold air incursions. 
! 
Compare to a "normal" on~et in 1983 (pentad 60; day 296 to 300), the wet season 
onset of 1982 occurred relativefy late (at pentad 68; day 336 to 340). The large-scale 
environments for these two years are compared to that of 1979. _Fig. 5.7 shows the land 
surface conditions for all three y~ars. The sensible heat flux for 1982 is lower and latent 
i 
heat flux is larger, leading to a )ower Bowen ratio. Shown in Fig. 5.8, the increase of 
i 
CAPE began at pentad 42 in 198?, the same as in the "normal" onset year 1983, but the 
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Figure 5.7. Areal averaged Bow~n ratio (upper pariel), Sensible heat flux (middle panel, 
W m·2) and latent heat flux (ldwer panel, w. m·2) over (5°-15°8 and 45°-75°W) in 
normal year 1983 (open circle), harly onset year 1979 (closed circle), and relatively late 
onset year 1982 (solid). 
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Figure 5.8. Areal averaged CINE: (upper panel, KJ kg-1), and CAPE (lower panel, KJ kg-1 
) over (5°-15°8 and 45°-75°W) in normal year 1983(open circle), early onset year 
1979(closed circle), and relatively late onset year 1982 (solid). 
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magnitude in 1983 is about 75% higher. CINE decreases at pentad 45 in 1982, as in 
1983, although its value is about 30% lower before pentad 66. These land surface 
conditions and atmospheric conditions suggest that the atmosphere was more favorable 
for early onset of deep convection in 1982 than in 1983; however, the actual wet season 
onset was about 40 days later in 1982. Therefore, the land surface conditions and 
atmospheric static instability alone cannot fully control when the wet season begins .. 
Figure 5.9 shows the sequences of SLP, temperature at 925-hPaover the index area, 
and domain averaged precipitation and moisture convergence over Southern Amazon 
region (5-15°S, 75-450W) for 1982 and 1983. <·Based :on ih.e definition of a cold air 
intrusion, there is only one cold surge that passes through the index domain (Figs 5.9a 
and 5.9b) during day 247 to day.249 (pentad 50) in 1982,88 days before the onset. The 
cold air intrusion for 1982 did increase moisture convergence over the Southern Amazon 
region but the background atmosphere was too stable to support wet season onset at this 
early stage of the transition. The. other two cold surges which occurred at day 260 
; I 
(pentad 52) and day 270 (pentad: 54), are relatively weak and could not reach the central 
:. 
Amazon as shown in Fig. 5.10. if'igure 5.10 also shows that subsidence dominated over 
the Amazon region during these itwo weak cold air intrusions. The relative infrequency 
! 
I . 
and weakness of cold air penetrations may cause the late onset of the wet season in 1982. 
I ; 
i 
We note that 1982 is a strong El Nifio year. The case study (Fig. 5.11) of the 200-hPa 
I ·: 
circulation in 1982 showed that ~or this year, the subtropical jet stream was about 5m s-1 
(about 20%-30%) stronger than iJ 1983 (not shown here) and about 5° north of its 
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Figure 5.9. Comparison of SLP (upper panels, hPa), 925-hPa air temperature (middle 
panel, o C) over cold air index region, and rainrate (lower panel, bar, mm dai1), moisture 
convergence (lower panel, curve,~ mm dai1) over Southern Amazon domain (5°-15°S, 
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Figure 5.10. 925-hPa vertical velocity (dm s-1) change with time along 60°W in 1982, 
positive values represent the upWard motion, x coordinate is calendar day, y-coordinate is 
the latitude. : 
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Wind field · at 200mb in Oct-Nov 
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Figure 5.11 Comparison ofwiryd field at 200-hPa averaged in Oct-Nov for (a) fifteen 
years climatology; and (b) 198f. Light and dark shaded areas represent wind speed 
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Figure 5.12. The 200-hPa strearilfunction anomaly composite in November for 4 El Nifio 
years 1982,1986,1987 and 1992.· Contour interval is 3 x 106 s-2• The anomaly is 
calculated as the composite of 4 El Nifio years minus the 15-year mean. 
107 
climatological position during the transition months of October and November. The 
abnormal strength and equatonyard position of the subtropical jet stream in 1982 is 
unfavorable to the equatotward penetration of frontal systems and convective complexes, 
which can normally reach central South America (Coelho and Ambrizzi 2000; Garreaud 
2003). 
In 1983, several episodes of cold air are apparent during the transition period. The 
earlier cold surges led to the increase of moisture convergence over the Southern Amazon 
' . ; ~ ~ . . 
domain (Fig 5.9f). Right before the wet season onset in 1983, on day 295, the cold air 
passed through the index area, lifting the moisture air and leading to the precipitation and 
a realization of the onset crit~ria at pentad 60 (i.e. day 296-300). The increased 
frequency and strength of equatotward cold air intrusions ·seem to contribute an earlier 
onset for 1983 compared to that observed in 1982. 
5.3 Discussion 
We have analyzed the large-scale processes necessary for wet season onset in 
Chapters 3 and 4. Howeve~, su~h large-scale thermodynamic conditions alone, 
sometimes, cannot determine wh:en the wet season onset occurs. A lack of the triggering 
' . 
factors can delay the wet season !onset:as in 1982, even when the land surface conditions 
' 
: ' 
and local atmospheric condition ~eems ready. 
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Cold air incursions appear; to be more critical for the early onset years, when both 
the land surface and large-scale.transport are already destabilized. For example in 1979, 
since the atmosphere reaches a conditional unstable state relatively early, when a cold air 
comes, it lifts the air above the Lifting Condensation level (LCL) and causes an increase 
of moisture convergence, resulting in precipitation (Garreaud 2000). On the contrary, in· 
1982, without frequent and sufficiently strong cold air intrusions triggering the 
atmosphere to release potential energy, the wet season begins about 40 days later than the 
normal onset year 1983 even though the large-scale thermal and dynamic conditions 
seem favorable to an early wet season onset in 1982. Under these circumstances, cold air 
intrusions appear to be critical for wet season onset, presumably because the maximum 
insolation has not yet moved into southern Amazonia to drive local thermal convection. 
For late onset, cold air intrusions may not be the only trigger of the wet season· 
onset. For example, there are not apparent cold air penetrations prior to the wet season 
onset over Southern Amazon region in 1984. The wet season onset is probably the result 
I 
I 
of a local thermally driven precipitation that occurs when large-scale circulation is ready. 
! 
El Nino appears to influence the wet season onset through the variation of the 
I 
I 
subtropical jet stream (Grimm et al. 2000; Paegle et al. 2002). Our composite results 
show that the subtropical jet stream is abnormally strong and further north than usual 
during El Nino years based on 15-year ERA data (Fig. 5.12). This agrees with Grimm et 
al. (2000), who used National ~enter for Environmental Prediction (NCEP) reanalysis 
data. The anomalous strength and position of the subtropical jet stream are unfavorable 
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for cold air incursions into tropics, and therefore lead to less (more) precipitation over the 
Amazon (subtropics) (Coelho and Ambrizzi 2000; Coelho et al. 2002). In addition to the 
subtropical jet stream, the sea level pressure gradient from the North Atlantic and the 
tropical Amazon region is related with El Nifio. During El Nifio years, SLP in the North 
Atlantic is lower (Nobre and Shukla 1996) and tropical South American surface 
atmospheric pressure is higher (Poveda and Mesa 1997), which leads to a reduction in the 
gradient between the North Atlantic and northern South America. This weakening of the 
pressure gradient probably leads in tum to a late reversal of the V-index, and therefore a 
later start to moisture convergence over the Amazon region. In our 15-year dataset, we 
only find one case like this, in 1986. The overall influences of El Nifio on wet season 
onset over tropical South America need to be further studied (Marengo and Hastenrath 
1993) since El Nifio years (1982, 1986, 1987 and 1992) tend .to have late onset dates 
(Table 1). 
5.4 Summary 
. ·. .. ' ~ 
We have observed a close relationship between cold air intrusion and wet season 
I ' 
! ' 
onset over tropical South America. Our results suggest that during the transition period 
I .. ·
' . 
of October-November, enhanced precipitation due to cold air penetration is found in the 
western Amazon and SACZ, where precipitation decreases are !llainly confined to the 
subtropics. This spatial pattem
1 
of enhanced precipitation and the 5-12 days temporal 
I 
; 
scale of cold surges over South 1\.merica suggest that cold air intrusions may trigger wet 
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season onset and cause the rapid, southeastward expansion of the rainy area from the 
western Amazon to southeastern Brazil during the transition. 
Comparisons among an early onset year 1979, a normal onset year 1983 and a 
relatively late onset year 1982 ~uggest that the triggering impact of cold air incursions is 
' sometimes critical for determining when the onset happens. During the transition period 
of the early onset years, loca~ land surface and atmospheric conditions are already 
destabilized for deep convection at early stages, but the triggering mechanism appears to 
be necessary for the release of potential energy, intense moisture convergence and 
enhanced deep convection that 'lead to wet season onset. On the contrary, without the 
triggering influence of frequent ;and sufficiently strong cold surges, the wet season onset 
of 1982 is about 30 days later, than the climatology even though the land surface and 
large-scale conditions were favorable for early onset. The cold air intrusion immediately 
preceding wet season onset in 1983 appears to trigger a normal onset date (pentad 60th) 
even though the land surface arid atmospheric conditions are more unfavorable to early 
• 1 
onset than in 1982. I 
El Nino years tend to exhibit a northw~rd shift and higher intensity in the 
I 
subtropical jet stream over Sou~ America. The abnormal strength and position of the 
; 
subtropical j~t stream, such as ii 1982, tends to block moisture convergen~e into tropical 
South America and confine cold air to the subtropical region, leading to less (more) 
! 
precipitation over the Amazon! basin (subtropics), a result that was also reported by 
I 
' 
Lenters and Cook (1997), Coelhq and Ambrizzi (2000), and Coelho et al. (2002). 
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CHAPTER6 
CONCLUSION, DISCUSSION, AND OUTLOOK 
6.1 Conclusion 
In this Dissertation, we have studied the mechanism responsible .for the wet season 
onset over tropical South America as schematically illustrated in Figure 6.1. We first 
studied the climatological wet; season onset using a composite analysis of different 
atmospheric fields and land surface conditions on the basis of 15 years of ERA data 
' ' 
(Chapter 3). The results suggest that the primary driving force of the transition varies as 
the transition progresses through three phases. During the initiating phase, land surface 
fluxes dominate the increase of atmospheric moisture and moist static energy in the lower 
troposphere; large-scale moisture transport and upper tropospheric geopotential remain 
more or less unchanged from t~e dry season. During the developing phase, moisture 
transport becomes increasingly I important in driving the transition, and the dynamic 
feedbacks to the stretching ·of the atmospheric column dominate in this phase. The 
I 





The mechanism was then a~plied to explain the interannual variations of the onset 
I 
of the rainy seasons (Chapter 4). The results confirm the importance of land surface 
fluxes, especially latent heat flux !during dry and early transition seasons, to the wet 
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Figure 6.1. Schematic diagram of the onset of the wet season over tropical South 
America. Arrows indicat~ the onset progress. 
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season onset. Specifically, a longer dry season with lower rainfall causes lower surface 
latent heat flux in the earlier transition periods. This results in a higher CINE and a lower 
CAPE, delays and weakens the initial increase of rainfall, and delays the transition of the 
large-scale circulation. Conversely, a wetter dry season leads to a higher surface latent 
flux and a weaker CINE, providing a favorable condition necessary for an earlier increase 
of local rainfall and thus an earlier wet season onset. 
Finally, the triggering mechanism of cold air intrusion from mid-latitude for the wet 
season onset was analyzed (Ch.apter 5). When a large-scale background (described in 
Chapters 3 and 4) is ·already destabilized for deep convection, cold air penetration into 
tropical South America can cause the rapid, southeastward expansion of enhanced precip-
itation through the increase oLmoisture convergence. Our comparisons among early, 
normal, and late onsets on an· interannual ·Scale further suggested that such cold air 
intrusion helps to enhance the moisture convergence and deep convection, and therefore 
precipitation reaches the onset criteria. On the contrary, without frequent and sufficiently 
strong cold air incursion, wet season onset can be delayed even though the large-scale 
environmental conditions have already destabilized. 
I ) ;, I 
6.2 Comparison For The SA~M Onset And The Asian Summer Monsoon Onset 
South America was not c~nsi~~red a monsoon region because of its lack of clima-
1 ' • 
i 
tological wind shifts from summer to winter (e.g., Ramage 1971; Ayoade 1983). How-
ever, Zhou and Lau (1998) have demonstrated that, when annual means are removed, the 
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patterns of seasonal change for the atmospheric circulation over South America are 
similar to those of a monsoon. system. Our analyses have further suggested that the 
reversal of the cross-equatorial. meridional flow and transport of moisture, the sources . 
and transformation of energy, and the evolution of the 200 hPa geopotential height over 
South America are similar to .those of the South Asian monsoon. Like cold surges 
triggering the onset of the South China Sea summer monsoon (Chang and Chen 1995), 
cold air intrusion can also trigger the wet season onset over tropical South America and 
lead to the rapid, southeastward expansion of the rainy area from the western Amazon to 
Southeast Brazil during the transition season. 
The most noticeable differences are that the increase of land surface latent heat flux 
can increase rainfall, which presumably contributes to the cross-equatorial; flow and 
moisture convergence. The relatively high surface latent heat flux and zonal moisture 
convergence can maintain a relatively wet dry season. Because of the impact of surface 
latent heat flux on the moist stafic energy, the development of a continental-scale thermal 
low due to the increase of sen~ible heat flux, as in the classic monsoon onset process 
(Kawamur et al. 2002), is not dbminant over the Amazon. Such differences contribute to 
the three-month changes of the :onset dates on an interannual scale (Marengo et al. 2001; 
Li and Fu 2003) over South A~erica. The above differences are reasonable, considering 
' the contrasts in geographic loc:ation, topography, and land-surface type between South 
America and South Asia. These contrasts include: 
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6.2.1 The Weaker Differential Heating Between The Continent And Adjacent 
Oceans 
The Altiplano Plateau is about one-twelfth the horizontal area and half the altitude 
of the Tibetan Plateau, although the sensible heat flux at the surface appears to be com-
parable between the two regions (Rao and Erdogan 1989). The tropical location of the 
Amazon basin, representing the :bulk of the South American land mass, leads to a warmer 
and more humid winter climat~ than that of the subtropical Indian subcontinent. This 
contributes to a weaker and less effective differential heating between the South Amer-
ican continent and the adjacent Atlantic Ocean than for the South Asia monsoon. Despite 
the strong contrast (as much as 5°C) between the SSTs of the eastern Pacific cold tongue 
and land-surface temperatures of the South American continent (Oliver and Fairbridge 
1987), the link between these t\~o regions is weak (e.g., Grimm and Silva Dias 1995; Fu 
et al. 2001) because the Andes blocks the low-level flow between the two regions. Con-
I ' , , ' 
versely, the atmosphere is significantly more humid and less stable during the dry season I : I ~ " 
in tropical South America. ThJs, the transition can be initiated by relatively small varia-




6.2.2 The Greater lmportaric~ Of Humidity 
Radiosonde observations ~ave shown that, even during the dry season, the atmo-
sphere over the Amazon is almost statically neutral. The results presented in Chapters 3 
I 
! 
and 4 demonstrated that main ~hermodynamic changes from the dry to the wet seasons 
I 
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are mainly caused by increasing, humidity (Fu et al. 1999; Betts and Jakob 2002). Over 
the Amazon, the prevailing easterly wind transports warm and humid air from the 
equatorial Atlantic (Satyamurty et al. 1998). The rainforest is also· able to support greater 
surface latent heat flux than do, th~ savanna, shrub, and barrens that dominate the land 
surface on the Indian subcontinent. Hence, convective instability can be reached with 
relatively small increases in humidity. Numerical experiments demonstrated that the 
direct mechanical and sensible heating effects of the Andes on the origin of the Bolivian 
high are secondary compared to the precipitation over the Amazon pasin, central Andes, 
and South Atlantic convergence zone (Kleeman 1989; Lenters and Cooks 1997). In 
contrast, the formation of the Tibetan High, driven primarily by sensible heat flux (e.g., 
Li and Yanai 1996), and the reversal of the low-level flow are needed to initiate the 
increase in precipitation over South Asia. 
6.3 Future Directions 
I plan to pursue the following research topics to improve and expand my thesis work 
! 
in the future: 
i 
• The realism of surface fluxes and soil moisture during the transition seasons 
! 
i 
(with more LBA: observational data available) and their interannual 
variations (as repo~ed in the ERA datasets) need to be evaluated, although 
I 
! 
the role of land s;urface in driving the transition from dry to wet season 
(derived from ER~) is physically plausible. 
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• SST influences on; the adjacent oceans, especially ENSO influences on the 
wet season onset, 'need to be further. studied with the release of 40-year 
ECMWF reanalyses. This not only includes more· cases, but also can verify 
the results we hav~ presented. The study of interannual variations for the 
onset date over the region also will help to unrl:erstand the. contributions of 
land surface and large-scale atmosp~eric conditions to the wet season onset. 
• Numerical simulation will be useful in verifying the mechanism of the wet 
· season onset over tropical South America. This includes a) quantifying the 
influences of land surface fluxes due to the change of soil moisture, as well 
as the influence of the precipitation of the previous dry season on the 
initiation of thermally driven rainfall; and b) testing the triggering impact of 
cold air intrusion on the enhanced precipitation during the transition season. 
This may determine the combination of the cold air triggers and the large-




large-scale struct~re and the mechanism responsible for the enhanced 
: 
precipitation right before the rainy season. 
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